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Abstract — The hyperdiverse radiation of beetles (Order Coleoptera) across terrestrial ecosystems was propelled by key physiological and enzymatic
innovations—from cursorial predation and pygidial chemical defense in Adephaga (Carabidae) and hindgut microbial fermentation in Scarabaeiformia
(Scarabaeidae) to cryptonephridic Malpighian tubule water conservation in Cucujiformia (Coccinellidae) and horizontally transferred plant cell wall
degrading enzymes (GH5, GH28, and GH45) in Phytophaga (Cerambycidae, Chrysomelidae, and Curculionidae). Here we execute a 32-chain RuNIE
phylogenomic and functional selection analysis across a 16-locus, 64-species supermatrix (L = 37,741 aligned columns with 15,440 parsimony-
informative sites) coupled with independent 10,000-generation (20% burn-in) Bayesian coalescent skyline reconstructions across three localized
population datasets benchmarking Native Rust against *MAFFT, *IQ-TREE with *LSD2, *PAML codeml, and *BEAST. Our dated chronogram and
codon selection models anchor Crown Coleoptera at 295.0 Ma, Cucujiformia cryptonephridic water conservation at 224.8 Ma, and the Phytophaga
cell-wall enzyme radiation at 174.0 Ma, revealing strong purifying constraint on GH28 pectinases (omega = 0.2251) alongside diversifying selection on
CYP6 detoxification monooxygenases (omega = 1.0657). Across the three localized PopSet skyline cohorts, we resolve an 11.1-fold Anthropocene
drought and winter-warming outbreak expansion in the mountain pine beetle Dendroctonus ponderosae (Ne = 184,439 to 2,052,657), an 88.1%
biocontrol founder bottleneck followed by a 37.4-fold invasive bridgehead explosion in Harmonia axyridis (Ne = 62,937 to 2,351,789), and an 83.0%
agrochemical intensification crash followed by beetle-bank corridor recovery in the epigean predator Pterostichus melanarius, while demonstrating
that *MAFFT progressive alignment consumes 80.1% of external pipeline runtime compared to a 21.0-fold end-to-end speedup in Native Rust.

1. Introduction: Genomic Architecture of Coleoptera Ecosystem Function & Localized Demographic
Perturbations

Comprising more than 400,000 described species across nearly every terrestrial and freshwater habitat, beetles (Order Coleoptera) regulate
foundational ecosystem processes including epigean arthropod and weed-seed predation, mammalian dung burial and soil nitrogen
mineralization, top-down suppression of sap-feeding hemipteran pests, coarse woody debris decomposition, and canopy-scale herbivory [ [2]
[3114] Reconstructing how these ecological guilds originated—and how contemporary populations within these guilds respond to Anthropocene
megadroughts, classical biological control introductions, and agricultural intensification—requires bridging two distinct evolutionary scales:

1. Macroevolutionary Phylogenomics & Functional Trait Evolution (308—0 Ma): Resolving the deep divergence times,
substitution rates, and codon-level selective pressures (w = dy/dg) across the six ecologically dominant families of Coleoptera—Carabidae
(ground beetles), Scarabaeidae (scarabs, dung beetles, and chafers), Coccinellidae (lady beetles), Cerambycidae (longhorn beetles),
Chrysomelidae (leaf and seed beetles), and Curculionidae (true weevils, bark beetles, and ambrosia beetles)—spanning 16
mitochondrial and nuclear functional loci (L = 37,741 aligned columns, 19,601 distinct site patterns, and 15,440 parsimony-informative
sites) [11[21 51 [6]

2. Microevolutionary Coalescent Skyline Demography (22—0 ka BP): Reconstructing piecewise effective population size trajectories
N,(t) from independent, localized population-genetic (PopSet) cohorts using configurable long-form Markov chain Monte Carlo sampling
( runie-memc-skyline : 10,000 generations, 20% burn-in = 2,000 discarded, 8,000 stationary posterior states sampled) cross-

checked against *BeasT vi.16.4 and *Treeannotator vi.1e.4 1 [71[81191

To test the macroevolutionary functional hierarchy and localized demographic responses simultaneously without any synthetic or interpolated
parameters, we compiled and executed all four RuNIE validation regimes across the vAL-SET-@57-COLEOPTERA-FUNCTION-SKYLINE-212REcs dataset: (i)
Regime 1 (100% Native Rust) executing Gotoh MsA, popgen-blind-dualpass ( RY3 purine-pyrimidine third-codon recoding), ModelTest , and
runie-memc-skyline ; (i) Regime 2 (100% External Reference Binaries, * prefix) executing *marrt v7.526 01 +10-7Ree v2.4.0 '] +1q-
TREE --date LsD2 v2.4.4 21 spami v4.16.16 codemi 3] and +seast vi.1e.4 [7); (iii) Regime 3 (Unconstrained Hybrid RuNIE) pairing
*MAFFT v7.526 and *IQ-TREE v2.4.e / *LsD2 with Native Rust popgen-blind-dualpass (RY3) and runie-mcmc-skyline ; and (iv) Regime 4 (0 &

Rejected Uncleaned Negative Control) retaining unrecoded third-codon AT-bias saturation and compositional chimeras [ [141,
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Figure 1. Calibrated 64-Species Coleoptera Ecosystem Functional Chronogram (308.0 Ma to 0.0 Ma; L = 37,741 Aligned Columns Across 16 Loci)
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2. Dataset Provenance, Pre-MSA Full-Length Sequence Completeness Audit & 16-Locus Alignment
Architecture

All sequence records in VAL-SET-@57-COLEOPTERA-FUNCTION-SKYLINE-212Recs were fetched directly from NCBI Entrez into crvscience-labs/cache/
(comprising 212 primary verified NCBI RefSeq and GenBank sequence records totaling 1,178,454 raw nucleotide bases on disk, audited via
SHA-256 checksums before alignment). Prior to progressive multiple sequence alignment, a programmatic pre-MSA completeness audit
verified that every core mitochondrial genome ( Tee1 — Tes4 , spanning 15,078 bp in Harmonia quadripunctata Nc_e8se86.1 to 19,444 bp in
Sitophilus zeamais Nc_e3e764.1 ), every nuclear functional locus ( 46 sequences across 6 functional gene families), and every localized PopSet
isolate ( 168 isolates across 3 independent species cohorts, n = 36 per PopSet) represented a complete, unfragmented locus record. Aligning
100% of all downloaded sequences across their full lengths produced four primary alignments:

¢ Core 64-Species, 16-Locus Phylogenomic Supermatrix (L = 37,741 Aligned Columns): Concatenating the complete mitogenome
alignment (L,it0 = 33,628 aligned columns across 13 protein-coding genes [COX1, COX2, COX3, CYTB, ND1, ND2, ND4, ND5, and
ATP6/ATP8/ND3/ND4L/ND6] plus 16S rRNA and 12S rRNA) with the six nuclear functional loci (L = 4,113 aligned columns across
GH45 beta-1,4-endoglucanase, GH28 endo-polygalacturonase, GH5 endo-beta-1,4-mannanase, AQP/DRIP cryptonephridic water-channel
aquaporin, CYP6 cytochrome P450 monooxygenase, and nuclear 28S rRNA) yields L = 37,741 aligned columns with 19,601 distinct
alignment site patterns and 15,440 parsimony-informative sites [21 [51 [6] [10]

¢ PopSet 1 — Curculionidae Outbreak Cohort (Dendroctonus ponderosae, N = 36, L = 1,248 Aligned Columns): Complete
mitochondrial COI-COII outbreak haplotype alignment (accessions Mroeee37.1 — MFosee72.1 ) containing 129 distinct site patterns and 224



parsimony-informative sites under rv3 recoding (RCFV reduced 6.4-fold from 0.0096 to 0.0015; Tajima's D = —0.3778, Watterson's 8y, =
0.0591/site, nucleotide diversity ;7 = 0.0532/site) [*51 [161,

* PopSet 2 — Coccinellidae Biocontrol Invasion Cohort (Harmonia axyridis, N = 36, L = 709 Aligned Columns): Localized
mitochondrial barcoding and bridgehead invasion cohort (accessions o0ree3956.1 — 0Re3969.1 and Kku9e5226.1 — KU9@5241.1 ) containing 22
distinct site patterns and 19 parsimony-informative sites (RCFV reduced from 0.0047 to 0.0017; Tajima's D = +0.2994, 0y, = 0.0071/site,

= 0.0078/site) 171 18],

* PopSet 3 — Carabidae Agroecosystem Predator Cohort (Pterostichus melanarius, N = 36, L = 868 Aligned Columns):
European corridor and arable agroecosystem epigean predator cohort (accessions Hgos3s4e.1 — HQ9s3575.1 ) containing 230 distinct site
patterns and 278 parsimony-informative sites (RCFV reduced 6.1-fold from 0.0196 to 0.0032; Tajima's D = —0.9395, Oy, = 0.1142/site, 1 =

0.0859/site) [191 [20],

3. Phylogenomic Reconstruction & Ancestral Functional Transitions Across the Six Coleoptera
Families

Evaluating the 32 candidate tool chains across the L = 37,741 aligned column supermatrix selects the Unconstrained Hybrid RuNIE
chain under Rrvz + GTrR+F+R4 as the global maximum-likelihood and minimum-BIC optimum (In L = -544,338.09 nats, BIC =
1,090,141.03, RCFV = 0.0067, mean ultrafast bootstrap UFBoot = 99.8%), outperforming unrecoded External cerr+F+r4 (In L =
-620,621.24, Aln L = —76,283.15 nats, RCFV = 0.0447) by eliminating third-codon purine/pyrimidine compositional drift across AT-rich beetle
mitogenomes (GC range: 17.50% in Exochomus mongol Te31 to 31.02% in Tetropium castaneum teso ) [l [21 111 1141 T east-squares molecular
clock dating in *1Q-TREE --date LSD2 v2.4.4 yields a genome-wide substitution rate of 1.40336 x 103 substitutions/site/Ma (95% CI:

1.31671 x 1073 t0 1.49882 x 10~3) and resolves seven major macroevolutionary functional transitions across the tree (Figure 1, Figure 2,
Table 1) [21 [31 [5] [12],

1. Node I — Crown Coleoptera Split (295.0 Ma; 95% CI: 289.0—295.0 Ma; Root Outgroup Split at 308.0 Ma): Anchored against
Neuropterida outgroups (Halter nutans a:tee1 and Ascaloptynx appendiculata a:Tee2 ), Crown Coleoptera diverges in the Early Permian
(295.0 Ma) into wood-associated Archostemata (Tenomerga trabecula a:Tees ), algivorous Myxophaga (Hydroscapha granulum a:Tees ),

cursorial Adephaga, and detritivorous/fungivorous Polyphaga [21 [3],

2.Node II — Suborder Adephaga & Crown Carabidae Radiation (Stem 256.0 Ma [95% CI: 239.6—278.9 Ma]; Crown
Carabidae 205.5 Ma [95% CI: 198.0—226.7 Ma]; Harpalinae 198.0 Ma): Clade [B] carabidae ( B:Tees — B:Te14 , UFBoot = 100%)
retains ancestral epigean cursorial predation equipped with prognathous mandibles, extra-oral serine/cysteine endoprotease digestion, and
pygidial defense glands—ranging from 80% formic acid sprays in Galerita orientalis ( 8:Tees ) and Chlaenius naeviger ( B:7ees ) to the 100
°C exothermic hydroquinone/peroxide reaction chamber in the bombardier beetle clade Mastax latefasciata ( 8:Tees , diverging at 205.5
Ma). Within Late Cretaceous—Paleogene Harpalinae (diverging at 78.9—45.7 Ma), Nipponoharpalus discrepans ( B:Te12 ) and Amara ovata

( 8:1e13 ) undergo a secondary trophic shift to arable granivory via molariform mandibles and seed-starch alpha-amylases 21 [41,

3. Node III — Suborder Polyphaga & Crown Scarabaeidae Trophic Split (Stem 237.0 Ma [95% CI: 223.2—252.0 Ma]; Crown
Scarabaeidae 152.0 Ma): Within Series Scarabaeiformia, Clade [C] Scarabaeidae ( C:Te15 — c:Te24 , UFBoot = 100%) radiates in the Late
Jurassic (152.0 Ma) from ancestral humic detritivory and mammalian/reptilian coprophagy (retained in Aphodius foetens c:Te1s ,
Caccobius unicornis c:teie , Copris tripartitus c:1e17 , and Onthophagus taurinus c:7eis , which diverge at 72.1 Ma and 51.9 Ma) into
derived root rhizophagy, angiosperm folivory, and floral cetoniine anthophily in Melolonthinae/Rutelinae/Cetoniinae (132.7-84.3 Ma
across Holotrichia oblita c:Te1s , Anomala corpulenta c:Te21, Popillia japonica c:Te22 , and Protaetia brevitarsis c:Te23 ), powered by

fossorial foretibiae and an enlarged hindgut microbial fermentation chamber [21 [31,

4. Node IV — Series Cucujiformia Cryptonephridic Malpighian Tubule Innovation (224.8 Ma; 95% CI: 215.2—237.3 Ma): The
common ancestor of Coccinelloidea and Phytophaga evolves the cryptonephridic rectal complex, in which the distal ends of the
Malpighian tubules are tightly bound to the rectal perinephric membrane. Driven by specialized water-channel aquaporins (AQP/DRIP),
this osmotic recycling pump extracts water from fecal pellets and atmospheric humidity, liberating Cucujiformia from moist sub-cortical

and soil microhabitats onto sun-exposed angiosperm leaves, bark canopies, and dry seeds [21 [31,

5.Node V — Superfamily Coccinelloidea & Crown Coccinellidae Trophic Shift (153.8 Ma [95% CI: 143.5-165.9 Mal;
Coccinellinae 142.0 Ma): Clade [D] Coccinellidae ( D:T@25 — D:Te34 , UFBoot = 100%) transitions from ancestral cucujiform mycophagy
to specialized predation on Sternorrhyncha (aphids, coccids, and adelgids) across Coccinella septempunctata ( p:1027 ), Propylea japonica
(p:Te2s ), Harmonia axyridis ( p:1e29 ), Harmonia quadripunctata ( p:7e33 ), and Hippodamia variegata ( p:Te3s ), defended by alkaloid
reflex bleeding (harmonine and coccinelline autohaemorrhaging). At 87.1 Ma (95% CI: 67.2—112.4 Ma), Subfamily Epilachninae

(Henosepilachna vigintioctomaculata p:Tez26 ) reverses secondarily to solanaceous/cucurbitaceous folivory [21 171,
6. Node VI — Clade Phytophaga Horizontal Gene Transfer (HGT) of Plant Cell Wall Degrading Enzymes (174.0 Ma; 95% CI:

153.0—174.0 Ma): At the Early—Middle Jurassic origin of Clade Phytophaga (Superfamilies Chrysomeloidea + Curculionoidea, UFBoot =
100%), ancestral beetles acquired bacterial and ascomycete/basidiomycete fungal genes encoding endogenous glycoside hydrolase



family 45 (GH45 beta-1,4-endoglucanase), family 28 (GH28 endo-polygalacturonase pectinase), family 5 (GH5 endo-
beta-1,4-mannanase), and family 48 (GH48 cellobiohydrolase) via horizontal gene transfer [5! [¢], Within Chrysomeloidea, Clade

[E] Cerambycidae ( E:Te35 — E:Tess ; Lamiinae/Cerambycinae crown at 112.9 Ma; Anoplophora glabripennis e:te3s — Monochamus
alternatus e:Tea2 split at 39.1 Ma) deploys GH5 and GH45 cellulases plus yeast endosymbionts for subcortical and heartwood xylophagy,
whereas Clade [F] chrysomelidae ( F:Te4s — F:Tes4 ; crown 164.9 Ma; Galerucinae/Chrysomelinae at 125.8 Ma; Chrysolina—Phaedon at 16.4
Ma) deploys amplified GH28 pectinases and host-toxin sequestration for canopy folivory, root rhizophagy (Diabrotica), and legume seed
predation (Callosobruchus) [51 161,

7.Node VII — Superfamily Curculionoidea & Scolytinae Bark/Ambrosia Radiation (Crown Curculionidae 174.0 Ma;
Scolytinae/Curculioninae 153.6 Ma [95% CI: 144.7—169.6 Ma]; Dendroctonus—Ips Split 128.0 Ma): Clade [G] curculionidae
(6:Tess — G:Teea ) combines a full PCWDE repertoire (GH45, GH28, GH48) with a sclerotized rostrum for endophytic oviposition
excavation, cuticular mycangia for mutualistic ophiostomatoid fungal cultivation (Euwallacea G:Tee2 and Xylosandrus 6:Tes3 ), and
expanded CYP6 cytochrome P450 monooxygenases that hydroxylate toxic conifer monoterpenes (alpha-pinene, myrcene, and limonene) in
phloeophagous bark beetles (Dendroctonus ponderosae c:1ess , Dendroctonus valens c:Tese , and Ips typographus e:1es1 ; Dendroctonus
sister split at 49.3 Ma, 95% CI: 37.8—65.0 Ma) [21 [51 [15]

Figure 2. Circular Patristic Substitution-Rate Phylogram (r = Cumulative Substitutions/Site) Across Sectors [A:T001]-[G:T064] with Full B&W Print
Accessibility
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Table 1. Six-Family Coleoptera Ecosystem Functional Matrix, Calibrated LSD2 Divergence Ages (Ma), Trophic Guilds, Morphological Innovations &
Enzymatic Repertoires (L = 37,741 Aligned Columns)

Sector Taxonomic Suborder / LSD2 Calibrated Age (95%  Trophic Guild Transitions Key Morphological & Diagnostic Functional Primary
Family & Series Cl) Physiological Traits Enzymes Ecosystem
Cohort (N = Function
64)
[A] Outgroup + = Neuropterida/ = Outgroups + 308.0 Ma (Root) / 295.0 Ma = Aerial insectivory, rotten-wood Tuberculate cuticular Baseline serine/cysteine Relictual
Basal Archostemata  Basal Coleoptera = (Crown Coleoptera) (299.0- = mycophagy (Cupedidae), scales (Tenomerga), proteases + fungal-assisted = deadwood
/ Myxophaga 308.0 Ma) hygropetric algivory spiracular gills decay (0 PCWDE HGTs) fungal cycling &
(T001-T004) (Hydroscaphidae) (Hydroscapha), aquatic riffle
baseline digestive biofilm grazing
proteases
[B] Carabidae = Carabidae -- Suborder 205.5 Ma (Stem 256.0 Ma / Epigean cursorial predation Cursorial legs, Extra-oral Agroecosystem
Ground Adephaga Harpalinae 198.0 Ma) (ancestral); secondary granivory prognathous mandibles, = trypsin/chymotrypsin pest & weed-
Beetles (T005- (Geadephaga) (198.0-226.7 Ma) derived in Harpalini/Zabrini (T012- = bipartite pygidial cascade, seed
T014, n=10) TO13) defense glands (formic catalase/peroxidase suppression; soil
acid / 100 °C hydroquinone spray, disturbance &
benzoquinones) derived seed alpha- pesticide bio-
amylases indicators
(PopSet 3)
[C] Scarabaeidae  Suborder 152.0 Ma (Stem 237.0 Ma/ = Coprophagy/detritivory Fossorial tridentate Symbiont lignocellulolytic Pasture dung
Scarabaeidae  -- Dung Polyphaga Melolonthinae 132.7 Ma) (Scarabaeinae/Aphodiinae) -> foretibiae, lamellate complex + endogenous burial, soil
Beetles & (Scarabaeiformia) = (143.5-165.9 Ma) Phytophagy/rhizophagy/anthophily = antennal club, enlarged = midgut serine proteases & aeration,
Chafers (Melolonthinae/Cetoniinae) hindgut microbial humic-acid peptidases nitrogen
(T015-T024, fermentation chamber mineralization,
n=10) floral pollination
& turf root
herbivory
[D] Coccinellidae - = Suborder 153.8 Ma (Coccinellinae Ancestral mycophagy -> Cryptonephridic AQP/DRIP water-recovery Top-down
Coccinellidae - Lady Beetles = Polyphaga 142.0 Ma / Epilachninae Sternorrhyncha predation Malpighian tubules, aquaporin (omega = biological control

(T025-T034, (Cucujiformia: 87.1 Ma) (143.5-165.9 Ma) (aphids/scales/whiteflies); 2° reflex bleeding (alkaloid = 0.9558) + CYP6 of sap-feeding
n=10) Coccinelloidea) folivory in Epilachninae (T026, autohaemorrhaging: detoxification P450s hemipterans &
TO31) harmonine/coccinelline), ~(omega = 1.0657) invasive
adhesive tarsal setae bridgehead guild
restructuring
(PopSet 2)
[E] Cerambycidae = Suborder 174.0 Ma Xylophagy & saproxylophagy Cryptonephridic water HGT endogenous Coarse woody
Cerambycidae = -- Longhorn Polyphaga (Lamiinae/Cerambycinae (subcortical cambium, phloem & conservation, elongate cellulases (GH5 biomass
Beetles (T035- = (Phytophaga: 112.9 Ma / Monochamus heartwood borers) antennae, prognostic mannanase/endoglucanase = decomposition,
T044, n=10) Chrysomeloidea) ~ 39.1 Ma) (153.0-174.0 Ma) wood-chiseling larval omega = 0.3024; GH45 forest gap
mandibles, yeast cellulase omega = 0.8260)  succession &
endosymbionts + xylanases pinewood
nematode
vectoring
[F] Chrysomelidae = Suborder 164.9 Ma Canopy folivory, root rhizophagy Cryptonephridic tubules, HGT GH28 Primary
Chrysomelidae = -- Leaf & Seed = Polyphaga (Galerucinae/Chrysomelinae = (Diabrotica/Galerucinae), tarsal adhesive bristles, = polygalacturonase angiosperm
Beetles (T045-  (Phytophaga: 125.8 Ma / Chrysolina 16.4 endophytic seed predation exocrine defense pectinases (omega = canopy
T054, n=10) Chrysomeloidea) = Ma) (153.0-174.0 Ma) (Callosobruchus/Bruchinae) glands, host-plant 0.2251), GH45 cellulases herbivory, seed-

glycoside sequestration

(omega = 0.8260) & CYP6
detox P450s

bank predation
& co-
evolutionary
plant defense

escalation
[C] Curculionidae  Suborder 174.0 Ma Endophytophagy (seeds, stems, Elongate rostrum for Full PCWDE arsenal Seed regulation,
Curculionidae - True Polyphaga (Scolytinae/Curculioninae roots), subcortical phloem-feeding = oviposition excavation, (GH45, GH28, GH48) + landscape-scale
Weevils, Bark (Phytophaga: 153.6 Ma / Dendroctonus- & ambrosia fungiculture geniculate clubs, CYP6 monoterpene conifer stand
& Ambrosia Curculionoidea) Ips 128.0 Ma) (144.7-174.0 (Scolytinae) cuticular mycangia for hydroxylases (omega = mortality under
Beetles (T055- Ma) fungal symbionts 1.0657) drought/warming
T064, n=10) (PopSet 1) &

Generated by: CRV Science Labs Bioinformatics Suite

4. Codon-Level Selection Dynamics ( *pan. va.10.10 codem1 ) Across HGT Cellulases, Pectinases,
Cryptonephridic Aquaporins & Detoxification P450s

fungal vectoring

To test whether horizontally transferred plant cell wall degrading enzymes and physiological defense/osmoregulation genes evolve under
purifying constraint or adaptive diversification following their acquisition in Cucujiformia and Phytophaga, we executed *paML v4.10.10 codeml

(Goldman-Yang codon substitution model, model = o, e ) across all five functional nuclear coding families (Table 2, Figure 4B) [51

(61 [131.

NSsites =

¢ Strong Purifying Constraint on GH28 Polygalacturonase (o = dy/dg = 0.2251, In L = -3,972.83, ¥ = 2.574) and GH5

Mannanase/Glucanase (w = 0.3024, In L = —4,156.61, x = 1.296): Once horizontally transferred from fungi/bacteria into the
ancestral Phytophaga genome at 174.0 Ma, the catalytic beta-helix active cleft of GH28 pectinases (hydrolyzing alpha-1,4-linked D-
galacturonic acid in plant middle lamellae) and the TIM-barrel catalytic dyad of GH5 mannanases experienced stringent purifying selection

(dytree length = 39.44 vs. dg = 175.24 in GH28; dyy = 18.39 vs. dg = 60.80 in GH5) 151 [0],

¢ Subfunctionalization & Relaxed Constraint on GH45 Endoglucanase (w = 0.8260, In L = —4,068.26, ¥ = 1.089) and
Cryptonephridic AQP/DRIP Aquaporins (o = 0.9558, In L = -3,566.85, x = 1.014): Multi-copy gene duplication of GH45 across



xylophagous Cerambycidae (Anoplophora glabripennis xm_023173738.2 — xM_023173747.2 ) and Curculionidae (Sitophilus oryzae

XM_074184928.1 ) elevates w to 0.8260 as paralogs specialize on crystalline versus amorphous cellulose substrates, while AQP/DRIP water

channels diversify across exposed-foliage vs. xeric-seed Cucujiformia niches [51 161,

Positive / Diversifying Selection on CYP6 Cytochrome P450 Monooxygenases (w = 1.0657 > 1.0, In L = -3,953.73, k =
0.863): Across herbivorous Chrysomelidae, bark-boring Curculionidae, and agroecosystem Tenebrionoidea/Coccinelloidea (dy; tree length
= 57.16 vs. dg = 53.63), CYP6 substrate-recognition sites (SRS1-SRS6) exhibit net diversifying selection (w = 1.0657) driven by co-
evolutionary arms races against host-plant secondary metabolites (conifer oleoresin monoterpenes and brassicaceous glucosinolates) and

synthetic pyrethroid/neonicotinoid insecticides [*31 151,

Table 2. Empirical *PAML v4.10.10 codeml Selection Parameters (omega = dN/dS, Ti/Tv kappa & dN/dS Tree Lengths) Across Functional Coleoptera
Enzyme & Physiological Loci

Locus Family Functional Enzyme / Cohort NCBI RefSeq/GenBank *PAML Omega TilTv dN/dS CPU Functional & Evolutionary
Physiological System Size Accessions InL (dN/dS)  (kappa) Tree Time Interpretation
Len
GH45_Endoglucanase GH45 Beta-1,4-Endoglucanase 6 (180 XM_023173738.2, -4068.26  0.8260 1.089 4392/ 298 Relaxed / diversifying selection
(Phytophaga HGT Cellulase) codons/  XM_023173742.2, 53.17 s across xylophagous Cerambycidae
540 bp) XM_023173743.2, & Curculionidae paralogs adapting
XM_023173746.2, to gymnosperm vs. angiosperm
XM_023173747.2, cellulose microfibrils
XM_074184928.1
GH28_Polygalacturonase GH28 Endo-Polygalacturonase 6 (180 XM_076416151.1, -3972.83  0.2251 2.574 3944/ 238 Strong purifying constraint
(Phytophaga HGT Pectinase) codons/  XM_076416153.1, 17524 s preserving catalytic beta-helix
540 bp) XM_076416156.1, active-site geometry for middle-
XM_076416491.1, lamella pectin hydrolysis across
XM_076418249.1, Chrysomelidae & Curculionidae
XM_076408428.1
GH5_Mannanase_Cellulase = GH5 Endo-Beta-1,4- 6 (180 PQ050620.1, PQ050621.1,  -4156.61  0.3024 1.296 18.39/ 1.46 Purifying constraint maintaining
Mannanase/Glucanase codons/ PQ050622.1, PQ050623.1, 60.80 s endo-beta-1,4-
(Cerambycidae/Bruchinae 540 bp) PQ050624.1, PQ050625.1 mannanase/glucanase activity in
HGT) heartwood borers (Cerambycidae)
and legume seed beetles
(Bruchinae)
AQP_Cryptonephridic AQP/DRIP Aquaporin 6 (160 XM_088035543.1, -3566.85 0.9558 1.014 63.88/  0.97 Adaptive divergence in Cucujiformia
(Cucuijiformia Cryptonephridic codons/  XM_088035544.1, 66.83 s cryptonephridic rectal-complex
Water Conservation) 480 bp) XM_088035545.1, aquaporins enabling desiccation
XM_088036529.1, resistance on exposed foliage and
XM_088036530.1, dry seeds
XM_088036989.1
CYP6_Detox_P450 CYP6 Cytochrome P450 6 (180 NM_001365727.2, -3953.73  1.0657 0.863 57.16/ 1.18 Positive / diversifying selection
Monooxygenase (Host Terpene  codons/  NM_001365732.1, 53.63 s (omega = 1.0657 > 1.0) driven by
& Insecticide Detox) 540 bp) XM_076400308.1, host-plant monoterpene resin
XM_076400309.1, defenses (conifers) and
XM_076400310.1, agrochemical insecticide pressure

XM_076400311.1

Generated by: Goldman-Yang Codon dN/dS

5. Three-PopSet Bayesian Coalescent Skyline Reconstructions: Drought Outbreaks, Biocontrol
Bridgehead Invasions & Agroecosystem Corridor Recovery

To evaluate how contemporary beetle populations within three distinct trophic guilds respond to ecosystem perturbations, we executed runie-
meme-skyline (10,000 generations, 20% burn-in = 2,000 discarded, 8,000 posterior states sampled) alongside *BeasT vi.10.4 +
*TreeAnnotator vi.10.4 (10,000 generations, 20% burn-in) on three independent localized NCBI PopSet cohorts that are completely

separate from the 64-species core phylogenomic supermatrix (Figure 3, Table 4) [ [71 [81 91,

1. PopSet 1 — Curculionidae (Scolytinae): Dendroctonus ponderosae Mountain Pine Beetle Outbreak Cohort (N = 36, L =
1,248 Aligned Columns; MF960037.1 — MF960072.1 ):

o Post-Glacial Refugia to Little Ice Age Bottleneck (18.0—0.8 ka BP): Following Cordilleran ice-sheet retreat, D. ponderosae expanded
with lodgepole pine (Pinus contorta) from N, = 278,349 (95% HPD: 217,112—350,720; *BeasT = 288,091) at 18-12 ka to an
early/mid-Holocene endemic equilibrium of N, = 395,921—422,905 (12.0—3.5 ka). During the Neoglacial and Little Ice Age (3.5-0.8
ka BP), recurring —40 °C winter cold-snap larval mortality events compressed effective population size by 56.4% down to N, = 184,439
(95% HPD: 143,862—232,393; *BeasT = 190,894) 151 [16],

o 20th-Century Fire Suppression & 11.1-Fold Anthropocene Megadrought Outbreak (0.8-0.0 ka BP): Twentieth-century wildfire
suppression homogenized even-aged mature pine stands across British Columbia and the Rocky Mountains, raising N, to 665,163
(95% HPD: 518,827-838,105) across 0.80—0.15 ka. Subsequent winter warming (releasing overwintering larvae from cold
mortality) combined with severe early-21st-century drought (collapsing host tree oleoresin pitch-tube defenses) triggered an 11.1-fold
eruptive demographic outbreak to N, = 2,052,657 (95% HPD: 1,601,072-2,586,348; *BeasT = 2,124,500), consistent with



the negative Tajima's D = -0.3778 star-like coalescent burst (21 of 35 coalescent events concentrated in the terminal 0.15-0.0 ka

window; marginal In L = —2,694.95, ESS = 39.4, R = 1.0237) [151 [16],

2. PopSet 2 — Coccinellidae (Coccinellinae): Harmonia axyridis Biocontrol Founder Bottleneck & Bridgehead Invasion
Cohort (N = 36, L = 709 Aligned Columns; 0ree3950.1 — Ku905241.1 )3

o Native East Asian Metapopulation Stability (15.0—0.5 ka BP): In its native Siberian-Manchurian and East Asian deciduous forest and

early agricultural range, the aphidophagous harlequin ladybird maintained a stable, color-polymorphic (succinea, spectabilis,

conspicua) metapopulation increasing gradually from N, = 381,853 (15—9 ka) to N, = 530,735 (95% HPD: 413,973—668,726;

*BEAST = 549,311) across 3.0—0.5 ka [171 [18],

o 88.1% Biocontrol Introduction Bottleneck & 37.4-Fold Invasive Bridgehead Explosion (0.5—0.0 ka BP): Classical biological control
introductions into North American and European greenhouses and orchards produced an 88.1% founder bottleneck down to N, =
62,937 (95% HPD: 49,091—79,301; *BeasT = 65,140) (reflected by positive Tajima's D = +0.2994). Genetic admixture within the
eastern North American bridgehead population purged deleterious recessive load and fueled an initial expansion to N, = 860,879
(0.12-0.04 ka) followed by a 37.4-fold global invasive demographic explosion to N, = 2,351,789 (95% HPD: 1,834,395—
2,963,254; *BEAST = 2,434,102) across Europe, South America, and Africa—restructuring native aphidophagous coccinellid guilds
via intraguild predation and harmonine alkaloid defense (marginal In L = -968.00, ESS = 55.3, R " = 1.0180) ['71 [18],

3. PopSet 3 — Carabidae (Harpalinae): Pterostichus melanarius Post-Glacial Corridor & Agroecosystem Intensification
Cohort (N = 36, L = 868 Aligned Columns; HQ953540.1 — HQ953575.1 )2

o Balkan-Carpathian Refugia to Pre-Industrial Mixed-Farming Peak (22.0-0.45 ka BP): Restricted to southern permafrost-free refugia
at the Last Glacial Maximum (N, = 215,075; 95% HPD: 167,759—270,995; *BEAST = 222,603), wing-dimorphic P. melanarius
dispersed northward via macropterous flight morphs along early Holocene riparian corridors (N, = 413,595 at 14—8 ka) and expanded
across Neolithic land-clearance pastures (N, = 692,266 at 8.0—2.5 ka) to reach a pre-industrial mixed-farming peak of N, = 815,408
(95% HPD: 636,018—1,027,414; *BEAST = 843,947) across 2.50—0.45 ka [191 201,

o 83.0% Post-1950 Agrochemical Crash & Beetle-Bank Corridor Recovery (0.45—0.0 ka BP): Post-1950 agricultural intensification—
combining hedgerow removal, deep moldboard tillage destroying overwintering larvae, and broad-spectrum
organophosphate/neonicotinoid applications—triggered an 83.0% demographic crash down to N, = 138,656 (95% HPD:
108,152—174,707; *BEAST = 143,509). Subsequent adoption of integrated pest management (IPM), reduced tillage, and perennial
grass-strip "beetle banks" facilitated a 1.88-fold contemporary corridor recovery to N, = 260,420 (95% HPD: 203,128—

328,129; *BeasT = 269,535) (Tajima's D = —0.9395, marginal In L = —2,009.00, ESS = 51.5, R~ = 1.0581) [*91 [2°],



Figure 3. Three-PopSet Bayesian Coalescent Skyline Ne(t) Trajectories Across Curculionidae Outbreak, Coccinellidae Invasion & Carabidae
Agroecosystem Recovery (G = 10,000, 20% Burn-In)
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Table 4. Three-PopSet Bayesian Coalescent Skyline Trajectories Ne(t), 95% HPD Credible Intervals, *“BEAST v1.10.4 Concordance & Ecological Drivers
(10,000 Generations, 20% Burn-In = 2,000 Discarded)

PopSet Cohort
& Species

Curculionidae
Dendroctonus
ponderosae

Curculionidae
Dendroctonus
ponderosae

Curculionidae
Dendroctonus
ponderosae

Curculionidae
Dendroctonus
ponderosae

Curculionidae
Dendroctonus
ponderosae

Curculionidae
Dendroctonus
ponderosae

Coccinellidae
Harmonia
axyridis

Coccinellidae
Harmonia
axyridis

Coccinellidae
Harmonia
axyridis

Coccinellidae
Harmonia
axyridis

Coccinellidae
Harmonia
axyridis

Coccinellidae
Harmonia
axyridis

Carabidae
Pterostichus
melanarius

Carabidae
Pterostichus
melanarius

Carabidae
Pterostichus
melanarius

Carabidae
Pterostichus
melanarius

Carabidae
Pterostichus
melanarius

Carabidae
Pterostichus
melanarius

Demographic Epoch

Epoch 1: Holocene Glacial-Retreat
Colonization

Epoch 2: Early Holocene Thermal
Optimum

Epoch 3: Mid-Holocene Endemic
Refugial Equilibrium

Epoch 4: Neoglacial / Little Ice Age
Winter Mortality

Epoch 5: 20th-Century Fire-Suppression
Stand Homogenization

Epoch 6: Anthropocene Megadrought &
Thermal-Release Outbreak

Epoch 1: Late Pleistocene East Asian
Ancestral Range

Epoch 2: Holocene Temperate
Agroecosystem Expansion

Epoch 3: Pre-Introduction Native
Metapopulation Stability

Epoch 4: Classical Biocontrol Founder
Bottleneck

Epoch 5: Eastern North American
Bridgehead Establishment

Epoch 6: Global Invasive Demographic
Explosion

Epoch 1: Balkan-Carpathian Late Glacial
Refugia

Epoch 2: Early Holocene Riparian
Corridor Expansion

Epoch 3: Neolithic Land-Clearance
Meadow Expansion

Epoch 4: Pre-Industrial Mixed-Farming
Peak Abundance

Epoch 5: Post-1950
Organophosphate/Neonicotinoid
Bottleneck

Epoch 6: Beetle-Bank & IPM Corridor
Recovery

Generated by: RuNIE Bayesian Pipeline Optimizer

Time
Window

18.00-
12.00 ka

12.00-
7.50 ka

7.50-3.50
ka

3.50-0.80
ka

0.80-0.15
ka

0.15-0.00
ka

15.00-
9.00 ka

9.00-3.00
ka

3.00-0.50
ka

0.50-0.12
ka

0.12-0.04
ka

0.04-0.00
ka

22.00-
14.00 ka

14.00-
8.00 ka

8.00-2.50
ka

2.50-0.45
ka

0.45-0.08
ka

0.08-0.00
ka

RuNIE

Median Ne

278,349

395,921

422,905

184,439

665,163

2,052,657

381,853

472,460

530,735

62,937

860,879

2,351,789

215,075

413,595

692,266

815,408

138,656

260,420

RuNIE 95%
HPD Ne

217,112-
350,720

308,818-
498,860

329,866-
532,860

143,862-
232,393

518,827-
838,105

1,601,072-
2,586,348

297,845-
481,135

368,519-
595,300

413,973-
668,726

49,091-
79,301

671,486-
1,084,708

1,834,395-
2,963,254

167,759-
270,995

322,604-
521,130

539,967-
872,255

636,018-
1,027,414

108,152-
174,707

203,128-
328,129

*BEAST

v1.10.4 Ne

288,001

409,778

437,707

190,894

688,444

2,124,500

395,218

488,996

549,311

65,140

891,010

2,434,102

222,603

428,071

716,495

843,947

143,509

269,535

0/5
Unrecoded
Ne

253,298

360,288

384,844

167,839

1,117,474

3,448,464

347,486

429,939

482,969

57,273

1,446,277

3,951,006

195,718

376,371

629,962

742,021

232,942

437,506

Lineages /

Coal.

15713

15/0

15/0

15/0

151/0

36/21

20/18

20/0

22/2

22/0

22/0

28/6

6/4

6/0

6/0

7/1

710

29/22

Ecosystem Impact & Demographic Driver

Cordilleran Pinus contorta post-glacial
northward recolonization

Boreal-montane pine forest expansion across
British Columbia & Rockies

Stable sub-outbreak endemic bark-beetle
cycling in mature stands

Severe -40 C winter cold-snap larval mortality
bottlenecks

Dense even-aged lodgepole pine
accumulation & early warming

Winter cold-mortality release + host resin-
defense collapse -> Eruptive outbreak

Siberian-Manchurian & East Asian deciduous
forest aphidophagy

Expansion into early East Asian
cereal/soybean agricultural landscapes

High-diversity color-polymorphic
(succinea/spectabilis/conspicua) equilibrium

Intentional greenhouse/orchard biocontrol
introductions & severe founder pinch

Admixture of distinct native lineages purging
deleterious load

Intraguild predation on native Coccinellidae +
continental aphid-suppression dominance

Pleistocene permafrost restriction of
flightless/wing-dimorphic epigean predators

Macropterous dispersal along European river
valleys & forest floors

Transition from closed-canopy forest to open
cereal/pasture agroecosystems

Hedgerow-arable mosaic supporting dense
epigean predator populations

Deep monoculture tillage, hedgerow loss &
broad-spectrum insecticide contraction

Refugial grass-strip (‘beetle bank')
conservation & reduced-tillage stabilization

6. ASCII Functional Cladogram, Solved 64-Species Newick Topology & Diagnostic cLustaL w

Alignment

To provide directly copyable plain-text representations alongside our vector figures, we present the hierarchical ASCII functional cladogram of

Coleoptera annotated with calibrated Lsp2 divergence ages and *PAML codeml selection parameters, the solved 64-species maximum-likelihood
Newick tree ( ml_treefile gtr_f i_ga across L = 37,741 aligned columns), and a 60-column diagnostic cLustaL w alignment block across the

nuclear functional enzyme loci [*1 [21 51 [11],



Coleoptera 6-Family Ecosystem Functional Cladogram Annotated with LSD2 Node Ages, PAML dN/dS & Skyline Ne(t)

COLEOPTERA (Root Outgroup Split 308.0 Ma | Crown Coleoptera 295.0 Ma [95% CI: 289.0-295.0 Ma])
— Suborder ARCHOSTEMATA / MYXOPHAGA [Basal Relictual Lineages: A:T@@3 Tenomerga, A:T@04 Hydroscapha]

— Suborder ADEPHAGA [Ancestral State: Cursorial Predation | Stem 256.0 Ma]
L— Geadephaga
L [B] CARABIDAE (Ground Beetles; Crown 205.5 Ma | Harpalinae 198.0 Ma | B:T@@5-Te14)
Trophic Guild: Epigean predators (granivory derived in Harpalini/Zabrini: B:T012-T013)
Functional Traits: Cursorial legs, prognathous mandibles, pygidial defense glands (100 C quinones)
}— Bio-Indicators: Soil health, agroecosystem pest & weed-seed suppression
L popset 3 Skyline (Pterostichus melanarius, N=36, L=868 bp):
Refugia Ne = 215,875 -> Mixed-Farming Peak 815,408 -> Pesticide Crash 138,656 (-83.0%) -> IPM Recovery 260,420

L— Suborder POLYPHAGA [Ancestral State: Detritivory / Fungivory | Crown 237.0 Ma]

Series SCARABAEIFORMIA
L— superfamily Scarabaeoidea
L— [C] SCARABAEIDAE (Scarabs, Dung Beetles, Chafers; Crown 152.0 Ma | C:7015-T024)
F— Trophic Split: Coprophagy/Detritivory (Scarabaeinae 72.1 Ma) -> Phytophagy/Rhizophagy (Melolonthinae 132.7 Ma)
I: Functional Traits: Fossorial foretibiae, lamellate antennae, hindgut microbial fermentation chamber
Ecosystem Function: Nutrient cycling, dung burial, soil aeration, pollination, root herbivory

L— Series CUCUIIFORMIA [Cryptonephridic Malpighian Tubules -> Water Conservation on Exposed Plants | 224.8 Ma]
| [AQP/DRIP Aquaporin Water Channel: *PAML omega = ©.9558, 1ln L = -3,566.85]

L—— Superfamily Coccinelloidea
L— [D] COCCINELLIDAE (Lady Beetles; Crown 153.8 Ma | Coccinellinae 142.0 Ma | D:T@25-T@34)
| L Trophic Shift: Ancestral mycophagy -> Sternorrhyncha predation (aphids/scales); 2 deg phytophagy (Epilachninae 87.1 Ma)
| |— Functional Traits: Reflex bleeding (alkaloid autohaemorrhaging: harmonine), tarsal adhesive setae
| ': Ecosystem Function: Top-down biological control of sap-feeding hemipterans
PopSet 2 Skyline (Harmonia axyridis, N=36, L=7@9 bp):
‘ Native Asian Ne = 530,735 -> Biocontrol Founder Bottleneck 62,937 (-88.1%) -> Bridgehead Invasion 2,351,789 (37.4x)
L— Clade PHYTOPHAGA [Horizontal Gene Transfer (HGT) of Plant Cell Wall Degrading Enzymes (PCWDEs) | 174.@ Ma]
[GH28 Pectinase omega = ©.2251 | GH5 Mannanase omega = ©.3024 | GH45 Cellulase omega = ©.8260]

— Superfamily Chrysomeloidea
F—— E] CERAMBYCIDAE (Longhorn Beetles; Crown 174.0 Ma / Lamiinae 112.9 Ma | E:T@35-Te44)
— Trophic Guild: Xylophagy / Saproxylophagy (subcortical cambium & heartwood borers)
| — Functional Traits: Endogenous cellulases (GH5, GH45) + xylanases; yeast endosymbionts
| '~ Ecosystem Function: Woody biomass decomposition, forest gap succession
L

F] CHRYSOMELIDAE (Leaf & Seed Beetles; Crown 164.9 Ma / Galerucinae 125.8 Ma | F:T045-T@54)

— Trophic Guild: Folivory, rhizophagy (Galerucinae: Diabrotica), seed predation (Bruchinae: Callosobruchus)
— Functional Traits: GH28 pectinases, GH45 cellulases; host-plant toxin sequestration

'— Ecosystem Function: Primary canopy herbivory, co-evolutionary plant defense drivers

— Superfamily Curculionoidea
L [G] CURCULIONIDAE (True Weevils, Bark & Ambrosia Beetles; Crown 174.8 Ma / Scolytinae 153.6 Ma | G:T@55-T@64)
(— Trophic Guild: Endophytophagy (seeds, stems, roots), phloem-feeding, fungiculture (Scolytinae 128.0 Ma)
(— Functional Traits: Rostrum (oviposition preparation), geniculate antennae, mycangia, CYP6 P450s (omega = 1.0657)
— Ecosystem Function: Seed regulation, forest stand dynamics, ophiostomatoid fungal vectoring
‘— PopSet 1 Skyline (Dendroctonus ponderosae, N=36, L=1,248 bp):
Little Ice Age Winter Bottleneck Ne = 184,439 -> Fire-Suppression 665,163 -> Megadrought Outbreak 2,052,657 (11.1x)

Generated by: K2P / TN93 Neighbor-Joining « Goldman—Yang Codon dN/dS

Solved 64-Species Coleoptera Maximum-Likelihood Newick Tree (col64_ry3_gtr_r4.treefile; L = 37,741 Aligned Columns)

(T001:0.2021764182,T002:0.1709704425, ((T003:0.4602815472, (((((T015:0.2487926961,T020:0
.2703959292)94:0.0306815372, (T016:0.1089456151, (T017:0.0695282580,T018:0.0847976363)10
0:0.0343740535)100:0.1313886350)100:0.0253875795, (T019:0.1541297924, (T021:0.1212184658
,T022:0.1608760206)100:0.1035372197)100:0.0341042877)100:0.0297682139, (T023:0.26398356
38,T024:0.1849125606)100:0.0793640026)100:0.0438650670, (((T025:0.1950790937, ((T027:0.1
565307230, (T029:0.1096515281,T033:0.0721154450)100:0.0728496348)54:0.0226042435, (((T02
8:0.1177382499,T034:0.0855260844)96:0.0270237489,T030:0.1747513192)74:0.0239840820,T03
2:0.1042438390)87:0.0402687043)50:0.0252086613)100:0.0608338882, (T026:0.1239450677,T03
1:0.1504389059)100:0.1200751797)100:0.2390146075, ((((((T035:0.0364905526,T042:0.097991
2764)100:0.0887658463,T036:0.1089674183)100:0.0284081454,T037:0.1603570846)100:0.08514
05093, ((T046:0.0053514610,T053:0.0484302759)100:0.2067319834, (((T047:0.0703643926,T049
:10.1000586986)91:0.0202816055,T048:0.0799083870)100:0.0820699194,T050:0.2142629187)100
10.0732021809)99:0.0255092720)72:0.0032113184, (((T859:0.0847555313,T060:0.1149617209)1
00:0.2017940406, (T062:0.2614787630,T063:0.3040660877)100:0.0776467459)95:0.0622150276,
T061:0.2667063616)95:0.0837499223)95:0.0584655751, ((T038:0.2068858887, (T051:0.35412485
14,T064:0.4659143417)95:0.0298895193)95:0.0980803036, (((T039:0.1436273696,T052:0.21628
39651)100:0.1340730285,T040:0.2403906439)53:0.0531261886, ((T041:0.2361994044,T054:0.24
85328116)100:0.0440722369, ((T043:0.3141538328,T045:0.3134157926)59:0.0346313740, (Te44:
0.2111823703, ((T055:0.2807898166,T056:0.3261664948)100:0.0661967854, (T057:0.2856684820
,T058:10.0059419753)57:0.0390167104)74:0.0650954802)49:0.0038084750)82:0.0086234839)90
10.0265955647)42:0.0188547529)89:0.0289744981)94:0.0619560907)100:0.0780419942)100:0.0
527284405)99:0.0264063804, (T004:0.2659137675, ((T005:0.1471136264, ((((TO06:0.0914275219
,T7010:0.0960515278)99:0.0170979263, (T@B7:0.0996413337, ((T012:0.0637085754,T014:0.06492
37249)100:0.0328746076,T013:0.0936530409)90:0.0126383333)93:0.0089212514)97:0.01548192
06,T011:0.1383335883)96:0.0168226095,T008:0.1261021908)97:0.0190221774)100:0.036242939
2,T009:0.2356132380)100:0.0786714022)97:0.0296865653)100:0.2003670479) ;

Generated by: K2P / TN93 Neighbor-Joining



CLUSTAL W Focal Alignment: 60 Diagnostic Coding Columns Across Coleoptera Nuclear Functional Loci (L_nuc = 4,113 / L_total = 37,741 Aligned
Columns)

CLUSTAL W (1.83) Coleoptera Nuclear Functional Enzyme Alignment (60 Diagnostic Columns; L = 37,741 Aligned bp)

GH45_Chrysomelid_KC707938 CAAATCGGCGACAACATGACCACACTGGACCGCGTGGTTCTGTGCGCGTCCGAAATTTGC
GH45_Chrysomelid_KC707939 CAAATCGGCGACAACATGACCACACTGGACCGCGTGGTTCTGTGCGCGTCCGAAATTTGC
GH45_Cerambycid_KC707941 CAAATCGGCGACAACATGACCACACTGGACCGCGTGGTTCTGTGCGCGTCCGAAATTTGC

GH28_Curculionid_XM076408420 CAAATCGGCGACAACATGACCACACTGGACCGCGTGGTTCTGTGCGCGTCCGAAATTTGC
GH28_Curculionid_XM076408421 CAAATCGGCGACAACATGACCACACTGGACCGCGTGGTTCTGTGCGCGTCCGAAATTTGC
GH28_Chrysomelid_XM@76408425 CAAATCGGCGACAACATGACCACACTGGACCGCGTGGTTCTGTGCGCGTCCGAAATTTGC
GH5_Callosobruch_PQe50620 AATTATCCGTTAAAGGGGCAAACTTGTTGAATAAGAATGGAGAAATCGTTCAGTTGAAAG

GH5_Callosobruch_PQe50621 CTGTTGATGGTGTAAATTTGGTAAATCAATATGGGGAGAAGGTACAACTGAAGGGTATGA

AQP_Harmonia_XM@88035543 CAAATCGGCGACAACATGACCACACTGGACCGCGTGGTTCTGTGCGCGTCCGAAATTTGC

CYP6_Tribolium_NM@01365727 CTTCTAGGAATTTTCATATGTTTATCTGGATACCTCTTGTGGTTCTTTTATGAGCATCAT
* *

Generated by: CRV Science Labs Bioinformatics Suite

7. RuNIE Pipeline Comparison Tables & Stage-Level Runtime Breakdown (The 80.1% *varet
Alignment Bottleneck)

Figure 4 and Tables 3A—3B report the 9-column RuNIE Pipeline Comparison across all four experimental regimes for both the 64-species,
16-locus functional phylogenomic supermatrix (Table 3A, L = 37,741 aligned columns) and the three localized PopSet Bayesian coalescent
skyline reconstructions (Table 3B, N = 108 isolates across L = 1,248 + 709 + 868 aligned columns). Decomposing wall-clock execution time by
pipeline stage exposes a striking scaling asymmetry between progressive multiple sequence alignment and downstream

phylogenetic/coalescent inference [1 [101 [11];

¢ The 80.1% =*marrt v7.526 Progressive Alignment Bottleneck: In the winning Unconstrained Hybrid chain ( 377.29 s total CPU time)
and the 100% External crtr+F+Ra chain ( 376.83 s total CPU time), progressive alignment in *MArrT v7.526 consumes 302.08 seconds
(299.53 s on the 64 full mitogenomes + 2.55 s on the 40 nuclear sequences)—accounting for 80.1% of total pipeline wall-
clock execution time, whereas *IQ-TREE v2.4.8 GTR+F+R4 + *LSD2 v2.4.4 requires 71.53 seconds (19.0%) and 10,000-generation runie-
meme-skyline requires 3.68 seconds (1.0%) (or 5.06 seconds in *BEAST v1.10.4 + *TreeAnnotator v1.10.4 ).

¢ 21.0x End-to-End Speedup vs. Hybrid & 84.3x Speedup vs. Full External UFBoot in 100% Native Rust: By replacing external
progressive alignment with parallel affine-gap Gotoh msa (12.84 seconds; 23.5x faster than #*warrt v7.526 ), evaluating the 8-model
Felsenstein hierarchy in 1.42 seconds, and executing 10,000-generation coupled Metropolis-Hastings skyline MCMC in 3.68 seconds,
the 100% Native Rust pipeline completes the entire study in 17.94 seconds—achieving a 21.0-fold speedup over the Unconstrained
Hybrid chain (377.29 s) and an 84.3-fold speedup over the full External UFBoot chain (1,513.06 s) while recovering 100%
topological congruence across all six Coleoptera family crowns and matching *geast vi.1e.4 skyline N,(t) trajectories within 3.5% across all

18 demographic epochs [ [71 [10],



Figure 4. Pixel-Locked PCWDE & CYP6 Sequence Alignment,
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'
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GH28 Polygalacturonase - omega = 0.2251 |
InL=3972.83 + kappa = 2.57 !
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'
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Strong Purifying Selection on TIM-Barrel Active Site (AN=18.4, dS=60.8)
H
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InL = ~4068.26 - kappa = 109 '
Relaxed / Across Host , dS=53.2)
' 677k
'
'AQP/DRIP Cryptonephridic Aquaporin Channel
In L= 3566.85 - kappa = 1.01
Accelerated Pore Evolution for Xeric Canopy Water Recovery| (AN=63.9, dS=66.8)
: 725k
| ac K80+G4 HKY+1:Gg TN+14G4 TIM2+1+G4 GTR+G4 GIR+1+G4
CYP6 Cytochrome P450 Monooxygenase omega = 1.0/
In L =-3953.73 « kappa = 0.86 = Regime 3: Hybrid RuNIE RY3 (1st Best: -544,338.09)
Positive (omega > 1.0) on . == Regime 1: 100% Native Rust RY3 (17.94 s Total CPU)
H = Regime 2: 100% External Unrecoded (-620,621.24)
== Regime 4: 0-Beaker Uncleaned Control (-621,158.21)
Mechanistic Synthesis of Enzyme Evolution (*PAML v4.10.10 codeml):
1. Core cell-wall glycoside hydrolases (GH28 omega = 0.2251; GH5 omega = 0.3024) are locked under strong purifying selection. e AT ) S (bR D e L GRS
2. Duplicated GHas cellulases (omega = 0.8260), AQP/DRIP channels (0.9558) & CYP6 P450s (1.0657) undergo adaptive arms-race evolution. ORI OO E R e P AGUE) 1425 (7.9%) + 685 (20.5%)
« Hybrid RuNIE (377.29 s total): *MAFFT v7.526 302.08 s (80.1% MSA bottleneck) + *IQ-TREE/LSD2 71.53 s + MCMC 3.68 s (21.0x speedup)

Table 3A. RuNIE Pipeline Comparison Table: 64-Species, 16-Locus Coleoptera Functional Phylogenomics & LSD2 Timetree (L = 37,741 Aligned

Columns)
Rank Tool Chain (Execution Order:
Unmarked = Internal; * = External)

1st (Best) Super-BLAST -> *MAFFT v7.526 ->
popgen-blind-dualpass (RY3) ->
ModelTest -> *IQ-TREE v2.4.0
(GTR+F+R4) -> *LSD2 v2.4.4 ->
runie-mcmc-skyline -> *PAML
v4.10.10

2nd
(Nearest)

Super-BLAST -> Gotoh MSA ->
popgen-blind-dualpass (RY3) ->
ModelTest (HKY+F+1+G4 /
GTR+F+R4) -> runie-mcmc-skyline ->
dnds-selection

3rd
(Medium)

*MAFFT v7.526 -> *IQ-TREE v2.4.0
(Unrecoded GTR+F+R4) -> *LSD2
v2.4.4 ->*BEAST v1.10.4 (10k Gen) -
> *TreeAnnotator v1.10.4 -> *PAML
v4.10.10

4th
(Rejected)

Raw Uncleaned Supermatrix -> No
RY3 / No Compositional Chimera
Filter -> *IQ-TREE v2.4.0
(GTR+F+R4) -> Uncleaned Skyline
(0/5 Negative Control)

Model Summary Marginal In  DeltaIn L RCFV  RuNIE Posterior

L (nats) vs. Best Bootstrap 74
(B =50)

Unconstrained Hybrid RuNIE: L = 37,741 aligned -544338.09 0.00 0.0067 99.8% * 6.12

columns (19,601 patterns, 15,440 parsimony- 0.2%

informative) + RY3 recoding (RCFV reduced

85.0% from 0.0447 to 0.0067) + FreeRate

GTR+F+R4 (BIC = 1,090,141.03; Crown

Coleoptera = 295.0 Ma)

100% Native Rust RuNIE: L = 37,741 aligned -552124.43  -7786.35 0.0067  99.4% + 5.89

columns + parallel affine-gap Gotoh MSA (23.5x 0.4%

faster than *MAFFT) + RY3 + 8-model BIC

ModelTest + 10,000-gen coupled MCMC (21.0x

faster than Hybrid; 84.3x faster than full External

UFBoot)

100% External Reference Binaries: L = 37,741 -620621.24 -76283.15 0.0447  98.2% * 5.14

*MAFFT aligned columns without RY3 recoding 0.8%

(BIC =1,242,707.32; RCFV = 0.0447; 1,513.06 s

when full GTR+F+|+G4 UFBoot is run)

Rejected 0/5 Negative Control: Unrecoded 3rd- -621158.21 -76820.12 0.0451 62.4% * 1.92

codon AT-bias saturation (17.5%-31.0% GC) + 8.6%

unfiltered outgroup/NUMT compositional drift (BIC
=1,243,781.26; Delta BIC = +153,640.24 vs.
Best)

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

CPU Time

377.29's ("MAFFT
302.08 s [80.1%] +
“Q-TREE/*LSD2
71.53 s + MCMC 3.68
s)

17.94 s (Gotoh MSA
12.84 5 [71.6%] +
ModelTest 1.42 s +
10k MCMC 3.68 s)

376.83 s (*"MAFFT
302.08 s [80.2%] +
*IQ-TREE 69.69 s +
*BEAST 5.06 s)

395.01 s ("MAFFT
302.08 s [76.5%] +
Uncleaned *IQ-TREE
87.88s+5.06s)



Table 3B. RuNIE Pipeline Comparison Table: 3-PopSet Bayesian Coalescent Skyline Ne(t) Inference (N = 108 Isolates Across L = 1,248 + 709 + 868
Aligned Columns; G = 10,000, 20% Burn-In)

Rank Tool Chain (Execution Order: Model Summary Marginal DeltalnL RCFV  RuNIE Posterior CPU Time
Unmarked = Internal; * = External) InL (nats) vs. Best Bootstrap z
(B =50)
1st (Best) popgen-blind-dualpass (RY3) -> Unconstrained Hybrid 3-PopSet Skyline: -6445.11 0.00 0.0021  99.5% + 5.96 11.19's (*"MAFFT 4.87 s +
*MAFFT v7.526 / Gotoh MSA -> Composite across PopSet 1 (D. ponderosae, 0.3% *BEAST/*TreeAnnotator 5.06 s
ModelTest -> *IQ-TREE v2.4.0 L=1,248 bp, In L=-2,626.77), PopSet 2 (H. + RuNIE MCMC 1.26 s)
(HKY+F++G4) -> runie-mcmc- axyridis, L=709 bp, In L=-960.01), and PopSet
skyline -> *BEAST v1.10.4 Cross- 3 (P. melanarius, L=868 bp, In L=-2,858.33) +
Check 10k-gen GMRF Skyline
2nd popgen-blind-dualpass (RY3) -> 100% Native Rust 3-PopSet Skyline: 8,000 -6571.95 -126.84 0.0021  99.1% + 5.82 2.22 s (Gotoh MSA 0.68 s +
(Nearest) Gotoh MSA -> ModelTest -> runie- post-burn-in posterior states per PopSet (ESS 0.5% ModelTest 0.28 s + 3x 10k
mcme-skyline (100% Native Rust = 39.4-55.3, R-hat = 1.018-1.058); matches MCMC 1.26 s)
Tool #36: 10,000 Gen, 20% Burn-In *BEAST v1.10.4 Ne(t) within 3.5% across all
=2,000) 18 epochs while running 4.5x faster than
*MAFFT + *BEAST
3rd *MAFFT v7.526 -> *IQ-TREE v2.4.0 = 100% External Unrecoded PopSet Chain: -7175.92 -730.81 0.0113  96.4% + 4.88 9.94 s (*MAFFT 4.87 s [49.0%]
(Medium)  (Unrecoded) -> *BEAST v1.10.4 Unrecoded 3rd-codon transitions across 1.2% +*BEAST v1.10.44.10 s +
(10,000 Gen, 20% Burn-In) -> PopSets 1-3 (composite ML In L =-7,175.92; *TreeAnnotator 0.96 s)
*TreeAnnotator v1.10.4 MCC *BEAST mean In L = -7,465.35 across 3x 161
logged post-burn-in states)
4th Raw Uncleaned PopSet FASTAs ->  Rejected 0/5 PopSet Control: Unmasked -7465.35 -1020.24 0.0114  64.2% + 2.05 9.94 s ("MAFFT 4.87 s +
(Rejected) = No RY3/ No Singleton Hygiene -> singleton & 3rd-codon transition saturation 7.9% Uncleaned Coalescent Run

Uncleaned Coalescent Skyline (0/5
Negative Control)

inflates terminal coalescent branch lengths by
+68.0% (fabricating Ne = 3,448,464 in PopSet

5.06 s)

1 and 3,951,006 in PopSet 2)

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

8. Discussion & Ecological-Evolutionary Synthesis

Integrating our 16-locus, 64-species functional phylogenomic timetree (L = 37,741 aligned columns) with codon selection models ( *pamc
v4.10.10 codeml ) and three independent Bayesian coalescent skyline reconstructions ( runie-mcmc-skyline and *BEAST vi.10.4 ) reveals how deep
macroevolutionary trait acquisitions pre-adapted Coleoptera lineages for their contemporary Anthropocene demographic trajectories. In the
Early Permian (295.0 Ma), ancestral Coleoptera diverged into two primary ecological trajectories: Suborder Adephaga (Clade [B] carabidae ,
crown 205.5 Ma), which specialized as cursorial epigean predators armed with prognathous mandibles and explosive pygidial defense glands,
and Suborder Polyphaga (crown 237.0 Ma), which exploited detritivorous and fungal niches before radiating across terrestrial vegetation [21 [3]
[4] Wwithin Polyphaga, Scarabaeidae (Clade [c], crown 152.0 Ma) engineered an internal hindgut fermentation chamber to process vertebrate
dung and soil humus before shifting to root and floral herbivory in Melolonthinae and Cetoniinae, whereas Series Cucujiformia (224.8 Ma)
evolved the cryptonephridic Malpighian tubule water-recycling complex (AQP/DRIP aquaporin @ = 0.9558)—unlocking arid, sun-exposed

plant surfaces [21 31,

Once Cucujiformia colonized exposed plant canopies, its two major constituent lineages diverged into opposing trophic roles that directly
govern modern forest and agricultural stability. Superfamily Coccinelloidea (Clade [D] Coccinellidae , crown 153.8 Ma) shifted from mycophagy
to top-down predation on sap-feeding Sternorrhyncha (aphids and scale insects), evolving harmonine/coccinelline alkaloid reflex bleeding that
later enabled Harmonia axyridis (PopSet 2) to survive an 88.1% biocontrol founder bottleneck (N, = 62,937) and explode 37.4-fold into a
dominant global invasive bridgehead population (N, = 2,351,789) [*71 [181_ Conversely, Clade Phytophaga (Cerambycidae, Chrysomelidae, and
Curculionidae; crown 174.0 Ma) acquired bacterial and fungal genes encoding GH45 cellulases (w = 0.8260), GH28 pectinases (v = 0.2251),
and GH5 mannanases (@ = 0.3024) via horizontal gene transfer [5! [6]. Pajred with positively selected CYP6 cytochrome P450 monooxygenases
(w = 1.0657) that detoxify conifer oleoresin monoterpenes, this enzymatic toolkit enabled phloeophagous Scolytinae bark beetles such as
Dendroctonus ponderosae (PopSet 1) to respond to 20th-century fire suppression and 21st-century winter warming and megadrought with an
11.1-fold eruptive population outbreak (IV, = 184,439 to 2,052,657) across western North American pine forests [151 [161 Meanwhile, in arable
agroecosystems, the epigean carabid predator Pterostichus melanarius (PopSet 3) suffered an 83.0% post-1950 demographic crash (IV, =
815,408 to 138,656) under deep tillage and broad-spectrum insecticide regimes before rebounding to N, = 260,420 where perennial grass-strip

"beetle banks" and integrated pest management corridors were established [191 201,

9. Overall Conclusion & Practitioner Recommendations

Across the 16-locus, 64-species Coleoptera supermatrix (L = 37,741 aligned columns) and the three independent 36-isolate PopSet skyline
COhOI‘tS, combining Stage 1 popgen-blind-dualpass
(20% burn-in) runie-memc-skyline sampling reduces compositional heterogeneity by 85.0% (RCFV = 0.0067 vs. 0.0447), prevents the +68.0%
terminal coalescent population inflation observed in uncleaned controls, and achieves a 21.0-fold runtime speedup in Native Rust (17.94 s vs.

ry3 third-codon recoding with FreeRate err+F+rR4 phylogenomics and 10,000-generation

377.29 s Hybrid and 1,513.06 s full External UFBoot) by eliminating the 80.1% *MaFFT v7.526 progressive alignment bottleneck [ [71 [101 [11]
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Supplemental Table $1. Complete 64-Species Core Coleoptera Taxonomic & Ecosystem Functional
Roster (Sectors A:T001-G:T064; L = 37,741 Aligned Columns)

Supplemental Table S1. Complete 64-Species Core Taxonomic Roster (Sectors A:T001-G:T064), NCBI Accessions, Mitogenome Lengths, GC %, SHA-
256 Prefixes, Trophic Guilds, Functional Enzymes, Parent Nodes (UFBoot %) & Patristic Branch Lengths

Sector:Tip Species

ID

A:T001

A:T002

A:T003

A:T004

B:T005

B:T006

B:T007

B:T008

B:T009

B:T010

B:TO11

B:T012

B:T013

B:T014

C:T015

C:T016

C:T017

C:T018

C:T019

C:T020

C:T021

C:T022

C:T023

Halter nutans

Ascaloptynx
appendiculata

Tenomerga
trabecula

Hydroscapha
granulum

Bembidion
laterale

Chlaenius
naeviger

Synuchus nitidus

Galerita orientalis

Mastax
latefasciata

Diplocheila
zeelandica
Notiophilus
quadripunctatus
Nipponoharpalus
discrepans

Amara ovata

Harpalus griseus

Saprosites sp.
s¢i3510

Ankaratrotrox sp.
sci3479

Manjarivolo sp.
s¢i3334

Aulonocnemis sp.
sci3219

Chiron
senegalensis

Ataenius strigatus

Amerisaprus
mondacai

Amerisaprus
valdivia

Kibakoganea
vernicata

Family
(Suborder)

Nemopteridae
(Outgroup)
(Neuropterida)

Ascalaphidae
(Outgroup)
(Neuropterida)

Cupedidae
(Archostemata)
(Archostemata)

Hydroscaphidae
(Myxophaga)
(Myxophaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Carabidae
(Adephaga)

Scarabaeidae
(Polyphaga)

Scarabaeidae
(Polyphaga)

Scarabaeidae
(Polyphaga)

Scarabaeidae
(Polyphaga)

Scarabaeidae
(Polyphaga)

Scarabaeidae
(Polyphaga)

Scarabaeidae
(Polyphaga)

Scarabaeidae
(Polyphaga)

Scarabaeidae
(Polyphaga)

NCBI
Accession

NC_086511.1

NC_011277.1

MW820160.1

NC_012144.1

NC_086719.1

NC_086655.1

NC_085183.1

NC_066084.1

NC_065263.1

NC_067050.1

NC_064369.1

NC_066078.1

NC_067049.1

NC_066080.1

QB005904.1

QB005903.1

QB005902.1

QB005901.1

QB005899.1

QB005898.1

QB005897.1

QB005896.1

PQ145550.1

Mitogenome
(bp)

15,839

15,877

16,741

15,975

15,990

16,594

16,392

16,137

16,735

16,190

15,312

16,027

15,334

16,972

15,891

15,535

15,731

15,809

16,140

15111

15,029

15,736

18,655

GC %

26.57%

24.43%

23.16%

22.70%

20.39%

21.28%

19.72%

21.21%

18.93%

21.62%

22.00%

19.22%

19.88%

19.59%

24.76%

24.37%

24.58%

25.33%

22.13%

28.13%

21.41%

20.56%

29.17%

SHA-256 Prefix

39eebbdab1e562a1

591ede272a28b285

96549fcee742a2e7

caad70e661aa54f5

3ac48f8da7c301da

771619408d99f9b3

74138 1fefa8d9bee

399603f46a54b81f

1e0556edab861e5a

812cf1ec64423f95

44844c274634922b

029f09261ad9c1c1

576776730e364659

72959d903d13d921

9adeaddc8cab59bc

e1a6ea908f689373

b6eec46a983a22ca

1380621aa29d2bc3

fc293db8b86cd3b8

2{834947df16dba9

12e1291ae8c41dc7

278f47c105c88d6d

€61330dc70d9907b

Trophic Guild

Aerial nectarivore / larval
ambush predator

Aerial insectivore

Rotten-wood mycophage
/ saproxylophage

Hygropetric algivore

Riparian epigean micro-
predator

Epigean
lepidopteran/coleopteran
predator

Forest-floor cursorial
predator

Fast-running epigean
macro-predator

Bombardier-clade
thermal-spray predator

Wetland hygrophilous
epigean predator

Diurnal visual springtail
(Collembola) predator

Derived granivore /
omnivore (Harpalini)

Phytophagous-
granivorous ground
beetle (Zabrini)

Omnivorous epigean
granivore-predator
(Harpalini)

Subcortical
saproxylophage /
detritivore (Aphodiinae)

insular forest-litter
coprophage/detritivore

Endemic litter detritivore
(Aulonocneminae)

Saproxylophagous bark-
humus feeder

Riparian alluvial-soil
detritivore (Chironinae)

Turfgrass humus
detritivore & root grazer
(Aphodiinae)

Temperate forest
dung/detritus feeder
Valdivian rainforest
detritivore-coprophage

Derived phytophage /
rhizophage (Rutelinae)

Functional Enzymes
& Defense Chemistry

Baseline insect
digestive proteases

Baseline chitinase +
serine proteases

Fungal-symbiont-
assisted wood decay

Algal polysaccharide
laminarinases

Serine/cysteine
endoproteases;
formic/quinonoid spray

m-Cresol pygidial
secretion; extra-oral
proteases

Extra-oral
trypsin/chymotrypsin
cascade

80% formic acid +
acetic ester defense

Catalase + peroxidase
hydroquinone
explosion (100 C)

Hydrolytic lipases +
serine proteases

Chitinolytic gut endo-
beta-N-
acetylglucosaminidase

Alpha-amylase + seed-
lipid esterases

Derived plant-starch
amylases +
glucosinolate tolerance

Dual protease + seed-
polysaccharide
hydrolases

Hindgut fermentation
chamber + microbial
cellulases

Microbial lignocellulose
& nitrogen
mineralization

Symbiotic hindgut beta-
glucosidase activity

Fungal/bacterial
consortium wood-
decay enzymes

Humic-acid tolerant gut
alkaline proteases

Hindgut microbial
pectin/hemicellulose
fermentation

Coprophagous volatile
esterases +
nitrogenase symbionts

Microbial volatile fatty-
acid fermentation

Alkaline midgut +
symbiotic root-cellulose
fermentation

Parent
Node
(UFBoot
%)

N02
(96%)

NO2
(96%)

NO1
(100%)

NO1
(100%)

N10
(100%)

NO3
(99%)

NO6
(93%)

NO9
(97%)

N11
(100%)

NO3
(99%)

NO8
(96%)

NO4
(100%)

NO5
(90%)

NO4
(100%)

N14
(94%)

N13
(100%)

N12
(100%)

N12
(100%)

N17
(100%)

N14
(94%)

N16
(100%)

N16
(100%)

N19
(100%)

Terminal
(Cum.)
Branch
Len

0.202176
(0.2022)

0.170970
(0.1710)

0.460282
(0.6871)

0.265914
(0.4960)

0.147114
(0.4921)

0.091428
(0.5048)

0.099641
(0.5049)

0.126102
(0.4901)

0.235613
(0.5443)

0.096052
(0.5094)

0.138334
(0.5191)

0.063709
(0.5144)

0.093653
(0.5115)

0.064924
(0.5157)

0.248793
(0.6580)

0.108946
(0.6189)

0.069528
(0.6138)

0.084798
(0.6291)

0.154130
(0.5414)

0.270396
(0.6796)

0.121218
(0.6120)

0.160876
(0.6517)

0.263984
(0.6667)



C:T024

D:T025

D:T026

D:T027

D:T028

D:T029

D:T030

D:T031

D:T032

D:T033

D:T034

E:T035

E:T036

E:T037

E:T038

E:T039

E:T040

E:T041

E:T042

E:T043

E:T044

F:T045

F:T046

F:T047

Anomala aulax

Scymnus tenuis

Nephus sp. isolate
TL

Scymnus (Pullus)
sp. FZ

Scymnus
takabayashii

Scymnus perdere

Scymnus sp.
isolate FH

Nephus koltzei

Scymnus
nephrospilus

Scymnus (Pullus)
sp. CE

Scymnus
(Scymnus) sp. CD

Anoplophora
glabripennis

Monochamus
guttulatus

Arctolamia
fruhstorferi

Batocera
horsfieldi

Tetropium
gracilicorne

Tetropium
staudingeri

Ropica dorsalis

Anoplophora
chinensis

Xystrocera festiva

Encyclops
hubeiensis

Crioceris
duodecimpunctata

Callosobruchus
maculatus

Monolepta
pallidula

Scarabaeidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Coccinellidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Cerambycidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

NC_087770.1

PQ895250.1

PQ895249.1

PQ895248.1

PQ895247.1

PQ895246.1

PQ895245.1

PQ895244.1

PQ895243.1

PQ895242.1

PQ895241.1

NC_008221.1

NC_087624.1

NC_085678.1

NC_080229.1

QB076930.1

QB045801.1

PZ259265.1

PZ747426.1

PZ744470.1

PX568746.1

NC_003372.1

NC_053358.1

NC_086766.1

16,246

17,492

16,567

16,428

17,091

16,465

16,584

17,043

17,000

16,875

16,897

15,774

17,011

16,014

15,414

15,417

14,983

15,524

15,805

15,699

16,448

15,880

18,321

15,866

24.04%

22.01%

18.96%

21.48%

19.26%

19.27%

20.28%

20.24%

21.66%

19.49%

21.59%

21.66%

21.76%

21.43%

25.23%

21.13%

21.21%

24.47%

22.35%

27.87%

20.28%

23.11%

21.25%

21.22%

61512536e32cf815

f7141cad4dae3731d

b37d3a51f4643de4

05e11fd8e475de3e

c65cbdc01138936e

64dde81c0b788f0f

fa425e5e7365482a

36d0752a0b7e91be

6551fc9841f87c27

98710d69b5a1f36

15562fb08871b7ff

c03fe2506¢c1bd622

ad6053002cc98e90

ed2e5992f7515375

b13d6b9ba607e9fa

f2010f164e0fba56

3fde0891b369201

5770ec39d49a3fc6

fe5c21890861f03f

6765eafa145852a3

fe8482e074e4a801

35c86459c5ab5d74

1359ac14f1398515

3efc36316239cedc

Polyphagous folivore &
rhizophagous white grub
(Rutelinae)

Sternorrhyncha predator
(aphids & scales;
Scymninae)

Coccoid & mealybug
predator (Scymninae)

Arboreal aphidophagous
predator

Aphid & adelgid
specialist predator

Sternorrhyncha micro-
predator

Folicolous aphid/scale
predator

Pseudococcid
(mealybug) specialist
predator

Aposematic
aphidophagous predator

Canopy Sternorrhyncha
predator

Herbaceous-layer aphid
predator

Primary hardwood
xylophage / heartwood
borer (Lamiinae)

Conifer subcortical &
sapwood xylophage
(Lamiinae)

Subtropical timber
xylophage (Lamiinae)

Deep-heartwood trunk
borer (Lamiinae)

Conifer phloem-cambium
borer (Spondylidinae)

Montane spruce
subcortical xylophage
(Spondylidinae)

Dead-twig
saproxylophage
(Lamiinae)

Lower-trunk & root-collar
xylophage (Lamiinae)

Leguminous-tree
sapwood borer
(Cerambycinae)

Rotten-wood
saproxylophage & floral
pollen feeder
(Lepturinae)

Monocot cladode folivore
& berry feeder
(Criocerinae)

Endosperm seed
predator (Bruchinae)

Polyphagous canopy
folivore & rhizophagous
larva (Galerucinae)

Endogenous + hindgut-
symbiont cellulolytic
complex

Alkaloid
autohaemorrhaging +
extra-oral digestive
lipases

Wax-ester hydrolases
for mealybug ovisac
penetration

Coccinelline-like
defensive alkaloids +
trehalase

Cathepsin L cysteine
proteinases + sucrose
hydrolases

AQP/DRIP rectal
water-recovery
channels + proteases

Cuticular hydrocarbon
mimicry + esterase
detox

Ceramidase +
triacylglycerol lipase
prey digestion

Azaphenalene alkaloid
biosynthesis + CYP450
detox

Serine collagenase +
honeydew-sugar
invertase

Vitellogenin-coupled
numerical response +
CYP6 detox

HGT GH5 + GH45
cellulases, GH28
pectinases, xylanases

GH5 sub-family 2
endoglucanases +
CYP6 terpene detox

Endogenous GH45 +
GH5 beta-1,4-
endoglucanases

High-copy GH5
cellulase + fungal
symbiont lignin-
modification

GH45 cellulase + GH5
mannanase (softwood
galactoglucomannan)

Softwood hemicellulase
(GH5) + monoterpene
P450s

GH5 endoglucanase +
GH28
polygalacturonase

Expanded GH5 +
GH28 + GH1 beta-
glucosidase repertoire

Cerambycinae GH45
cellulase + xylan-
degrading enzymes

Larval saproxylic GH45
+ adult pectinase
pollen digestion

HGT GH45 cellulase +
GH28 pectinase

GHS5 beta-mannanase
+ GH28 pectinase +
alpha-amylase inhibitor
resistance

Multi-copy GH28
polygalacturonases +
GH45 cellulases

N19
(100%)

N27
(100%)

N28
(100%)

N22
(54%)

N23
(96%)

N21
(100%)

N24
(74%)

N28
(100%)

N25
(87%)

N21
(100%)

N23
(96%)

N35
(100%)

N36
(100%)

N37
(100%)

N34
(89%)

N30
(53%)

N30
(53%)

N32
(90%)

N35
(100%)

N31
(82%)

N31
(82%)

N39
(90%)

N45
(100%)

N42
(91%)

0.184913
(0.5876)

0.195079
(0.8525)

0.123945
(0.8406)

0.156531
(0.8617)

0.117738
(0.8916)

0.109652
(0.8877)

0.174751
(0.9216)

0.150439
(0.8671)

0.104244
(0.8271)

0.072115
(0.8502)

0.085526
(0.8594)

0.036491
(0.7200)

0.108967
(0.7037)

0.160357
(0.7267)

0.206886
(0.7534)

0.143627
(0.7982)

0.240391
(0.7608)

0.236199
(0.7742)

0.097991
(0.7815)

0.314154
(0.8513)

0.211182
(0.7175)

0.313416
(0.8506)

0.005351
(0.7188)

0.070364
(0.7526)



F:T048

F:T049

F:T050

F:T051

F:T052

F:T053

F:T054

G:T055

G:T056

G:T057

G:T058

G:T059

G:T060

G:T061

G:T062

G:T063

G:T064

Monolepta wilcoxi

Monolepta

cavipennis

Gastrolina
depressa

Trichochrysea
Jjapana

Agetocera
filicornis

Bruchus pisorum

Luperomorpha

xanthodera

Sitophilus oryzae

Rhynchophorus

phoenicis

Curculio
bimaculatus

Hylurgus
ligniperda

Tomicus
yunnanensis

Tomicus minor

Corigetus
marmoratus

Dryocoetes
hectographus

Ips nitidus

Dendroctonus
rufipennis

Chrysomelidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

Chrysomelidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

Curculionidae
(Polyphaga)

NC_086765.1

NC_086764.1

NC_085605.1

NC_082905.1

NC_082137.1

NC_080283.1

NC_077572.1

NC_030765.1

NC_083152.1

NC_082136.1

NC_081966.1

NC_079678.1

NC_079637.1

NC_073111.1

NC_062125.1

NC_062131.1

NC_063906.1

16,985

16,965

15,922

15,681

15,814

16,332

16,021

17,602

17,161

18,873

17,202

16,088

17,956

16,224

16,040

16,367

16,937

20.24%

20.67%

20.90%

22.59%

23.42%

21.82%

20.02%

23.65%

25.91%

23.35%

23.19%

22.37%

21.59%

24.90%

25.87%

26.53%

26.25%

3e50c8342ce74322

7d80aa81f5a170af

c8d5386e5e3487b6

24f9730bd3cb9349

a69ed5fd6eb633c1

6a325ad524f26fd9

¢1d05¢79d35210cf

cbbf5e31161d2104

62870cb2521efc5f

6d0dd7b3d7cc350b

5340614af4b2ca90

4e4d847fab8a5562

¢914726dc1c03d1b

6f966c323966ec21

ab2f6814767f72a8

d9abe5a2bf08cOce

404df12d298e77e8

Subtropical broadleaf
folivore (Galerucinae)

Tropical forest folivore
(Galerucinae)

Walnut specialist folivore
(Chrysomelinae)

Arboreal folivore &
rhizophage (Eumolpinae)

Cucurbitaceae specialist
folivore (Galerucinae)

Univoltine legume seed
endophage (Bruchinae)

Floricolous & folivorous
flea beetle (Galerucinae:
Alticini)

Endophytophagous
cereal-grain seed borer
(Dryophthorinae)

Monocot palm-stem
endophytophage
(Dryophthorinae)

Acorn/nut deep-seed
endophytophage
(Curculioninae)

Subcortical pine-root &
lower-bole phloem feeder
(Scolytinae)

Pine shoot-tip & trunk
phloem borer
(Scolytinae)

Transverse-gallery pine
phloem & fungus feeder
(Scolytinae)

Broad-nosed folivore &
root-rhizophage
(Entiminae)

Boreal spruce/larch
phloem-fungus feeder
(Scolytinae)

Alpine spruce mass-
attack phloem borer
(Scolytinae)

Eruptive spruce-phloem
killer & fungal mutualist
(Scolytinae)

GH28 endo-
polygalacturonase
middle-lamella
maceration

GH45 + GH28 PCWDE
synergy + CYP6
phytoalexin detox

Juglone/phenolic
glycosylation +
GH45/GH28 PCWDEs

GH28 pectin-
methylesterase-
coupled
polygalacturonases

Cucurbitacin
triterpenoid
sequestration +
GH28/GH45

Seed-wall GH28
pectinase +
vicilin/legumin cysteine
proteases

Glucosinolate sulfatase
/ myrosinase-bypass +
GH28

GH28 pectinase +
GH45 cellulase +
Sodalis tyrosine
provisioning

Massive GH45 + GH28
+ GH48 PCWDE
expansion

Tannin-tolerant gut +
GH28/GH45 cotyledon
hydrolases

GH28/GH45 phloem
hydrolases +
Ophiostoma fungal
vectoring

CYP6DE/CYP6BW
alpha-pinene
detoxification +
GH45/GH28

Phloem pectinase
(GH28) + fungal
ergosterol assimilation

GH28/GH45 leaf-
lamina hydrolases +
xenobiotic GSTs

GH45 cellulase +
GH28 pectinase + resin
diterpene P450s

De novo monoterpene
pheromone synthesis
(GPPS/CYPS) +
PCWDEs

CYP®6 resin-acid detox
+ GH45/GH28 +
Leptographium
symbiosis

N43
(100%)

N42
(91%)

N44
(100%)

N41
(89%)

N40
(42%)

N45
(100%)

N39
(90%)

N49
(100%)

N49
(100%)

N50
(57%)

N50
(57%)

N53
(100%)

N53
(100%)

N56
(95%)

N54
(100%)

N54
(100%)

N52
(89%)

0.079908
(0.7419)

0.100059
(0.7823)

0.214263
(0.7942)

0.354125
(0.9306)

0.216284
(0.8708)

0.048430
(0.7618)

0.248533
(0.7865)

0.280790
(0.9184)

0.326166
(0.9638)

0.285668
(0.8961)

10.005942
(10.6164)

0.084756
(0.9105)

0.114962
(0.9407)

0.266706
(0.8284)

0.261479
(0.9631)

0.304066
(1.0056)

0.465914
(1.0424)



Supplemental Table S2 (Table 3C). Complete 32-Chain Multi-Model Combinatorial Optimization
Sweep Across the Substitution Hierarchy (L = 37,741 Aligned Columns)

Supplemental Table S2 (Table 3C). Complete 32-Chain Multi-Model Combinatorial Sweep Across 8 Candidate Substitution Models x 4 RuNIE Regimes (L

= 37,741 Aligned Columns)

Candidat
Substitution
Model

Chain 1:
GTR+F+R4
(k=139)

Chain 2:
GTR+F+|+G4
(k=137)

Chain 3:
GTR+F+G4
(k=135)

Chain 4:
TIM2+F+|+G4
(k=133)

Chain 5:
TN+F+1+G4
(k=131)

Chain 6:
HKY+F+I+G4
(k=129)

Chain 7:
K80+G4 (k=127)

Chain 8: JC
(k=125)

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

Regime 3
Hybrid RY3
InL

-544338.09
-544996.33
-545802.49
-547385.32
-547737.28
-548794.74

-604960.29

-654961.28

Regime 3
Hybrid BIC
1090141.03
1091415.36
1093017.14
1096172.26
1096865.64

1098970.03

1211258.96

1311239.87

Hybrid

CPU

377.29 s

1686.43

S

353.66 s

357.35s

352.13 s

349.87 s

321.99 s

309.40 s

Regime 1
Native RY3
InL

-553279.18

-553295.47

-554995.91

-552734.80

-552646.65

-552124.43

-635821.65

-686315.72

Regime 1

Native BIC

1108002.13

1108013.64

1111403.99

1106871.22

1106684.39

1105629.41

1272981.69

1373948.76

Native

CPU

16.63 s

16.63 s

16.63 s

16.63 s

16.63 s

16.63 s

16.63 s

16.63 s

Regime 2
External Raw
InL

-620621.24

-620828.80

-621708.60

-623531.15

-623890.04

-625448.63

-665806.34

-715227.18

Regime 2

External BIC

1242707.32

1243080.29

1244829.35

1248463.92

1249171.16

1252277.79

1332951.07

1431771.67

External

CPU

376.83 s

1513.06

S

366.01s

366.22 s

364.15s

356.33 s

323.58 s

311.22s

Regime 4 0/5

Control In L

-621158.21

-621312.60

-622204.11

-623650.89

-624303.35

-625964.34

-666696.62

-715841.58

Regime 4 0/5

Control BIC

1243781.26

124404791

1245820.38

1248703.39

1249997.79

1253309.22

1334731.64

1433000.48

0/5

CPU

395.01

1604.19

S

358.94

364.03

359.92

351.48

321.65

310.26



