Supplementary Material S4
Codon-usage analysis of generated NLR ORFs relative to Alnus glutinosa reference sequences
Four groups were scored on the same neutral metrics. Codon-usage metrics are interpreted by proximity to the species reference, not by maximisation/minimisation. The two A. glutinosa reference sets and the random controls behave as expected (see table notes and the interpretation note below).
Table S4.1. Per-group summary codon-usage statistics
Table S4.1. Per-group summary statistics (mean ± s.d. where applicable). GC = overall CDS GC content; GC3 = GC at third codon positions.
	Group
	n
	Median length (bp)
	GC (%)
	GC3 (%)
	ENc
	CAI

	Generated NLR ORFs
	92
	351
	40.6 ± 1.24
	39.85 ± 5.70
	53.64 ± 5.62
	0.772 ± 0.030

	A. glutinosa NLR CDS
	759
	3,348
	40.68 ± 2.31
	38.65 ± 4.65
	52.75 ± 2.45
	0.791 ± 0.016

	A. glutinosa genome-wide CDS
	34,508
	1,251
	45.59 ± 4.38
	44.84 ± 9.19
	53.56 ± 4.13
	0.776 ± 0.040

	Random coding controls
	92
	351
	50.65 ± 2.71
	49.99 ± 4.23
	61.28 ± 4.60
	0.685 ± 0.027


1Median length: the generated and random ORFs have a short median length (351 bp) relative to the A. glutinosa NLR CDS reference (3,348 bp); ORF-extraction settings should be considered when interpreting the generated-group metrics (see Discussion).
2 GC = overall CDS GC content; GC3 = GC content at third codon positions.
3 ENc (Effective Number of Codons): 20 (maximal bias) to 61 (no bias / uniform synonymous usage). Lower = stronger bias. Under near-uniform synonymous usage the standard finite-sample estimator can yield values slightly above 61 (as for the random controls, 61.28). Values are interpreted by proximity to the A. glutinosa reference, not by minimisation.
4 CAI (Codon Adaptation Index): range 0–1, computed against the A. glutinosa genome-wide CDS set as the reference; higher = closer to that reference codon usage.
5 A. glutinosa NLR/R-gene CDS reference set: 759 CDS records from 396 unique genes/loci, retained under a conservative filter for disease-resistance / NLR-related annotations (e.g. disease resistance protein, RPP/RPM/RPS/RGA/Roq1/TMV-resistance) and excluding generic LRR receptor-like kinases and F-box/LRR proteins.
6A. glutinosa genome-wide CDS = CAI reference set, extracted from the NCBI RefSeq annotation (GCF_958979055.1).
7 Random coding controls (n = 92) are length-matched random coding controls with uniform synonymous codon usage.

Table S4.2. Pairwise RSCU profile correlations
Table S4.2. Pairwise correlation of the relative synonymous codon usage (RSCU) profiles.
	RSCU profile comparison
	Pearson r
	Spearman ρ

	A. glutinosa NLR CDS vs genome-wide CDS
	0.940
	0.911

	Generated vs A. glutinosa genome-wide CDS
	0.826
	0.813

	Generated vs A. glutinosa NLR CDS
	0.891
	0.883

	Random vs A. glutinosa genome-wide CDS
	0.024
	0.021

	Random vs A. glutinosa NLR CDS
	0.113
	0.169

	Generated vs random
	0.209
	0.171


1 RSCU (Relative Synonymous Codon Usage) = observed codon count divided by the count expected under equal usage within its synonymous family (RSCU = 1: no bias). Correlations are computed across the synonymous-codon RSCU vector; Met (ATG) and Trp (TGG) have no synonyms and stop codons may be excluded.
2 The two real reference sets correlate strongly with one another (Pearson r = 0.940). The generated ORFs likewise correlate strongly with both references (r = 0.891 vs. the NLR set and 0.826 vs. the genome-wide set; Spearman ρ = 0.883 and 0.813) and far more weakly with the random controls (r = 0.209). The Pearson and Spearman coefficients are concordant within each comparison, as expected for a near-monotonic RSCU vector.

Table S4.3. Between-group Kolmogorov–Smirnov distribution tests
Table S4.3. Two-sample Kolmogorov–Smirnov tests of the GC3, ENc and CAI distributions.
	Metric
	Comparison
	KS D
	p-value

	GC3
	Generated vs A. glutinosa NLR CDS
	0.152
	0.040

	GC3
	Generated vs random
	0.450
	7.7 × 10⁻⁹

	ENc
	Generated vs A. glutinosa NLR CDS
	0.244
	8.6 × 10⁻⁵

	ENc
	Generated vs random
	0.549
	5.8 × 10⁻¹³

	CAI
	Generated vs A. glutinosa NLR CDS
	0.383
	3.4 × 10⁻¹¹

	CAI
	Generated vs random
	0.873
	2.7 × 10⁻³²


1 KS = two-sample Kolmogorov–Smirnov test (statistic D, two-sided). With n ≈ 92 per generated/random group these tests retain power; the smaller D values against the A. glutinosa NLR reference, together with the larger and highly significant D values against the random controls, indicate that the generated distributions lie closer to the species reference than to the unbiased random distribution. 
The genome-wide and NLR reference sets show the expected eudicot signature (ENc ≈ 53, CAI ≈ 0.78–0.79) and their RSCU profiles are strongly correlated (Pearson r = 0.940), confirming that the measurement pipeline is sound. The generated ORFs resemble the A. glutinosa reference far more than the random controls: their overall GC (40.6%) and GC3 (39.85%) closely match the NLR reference (40.68% and 38.65%), their mean ENc (53.64) and CAI (0.772) are comparable to the reference values (slightly above the references on ENc, 52.75–53.56, and slightly below on CAI, 0.776–0.791), and their RSCU profiles are strongly correlated with both reference sets (Pearson r = 0.891 vs. the NLR set and 0.826 vs. the genome-wide set; Spearman ρ = 0.883 and 0.813), while correlating only weakly with the random controls (r = 0.209). In the Kolmogorov–Smirnov tests (Table S4.3) the generated distributions are far closer to the A. glutinosa NLR reference than to the random controls on all three metrics. The generated distributions still differ significantly from the NLR reference (GC3 D = 0.152, p = 0.040; ENc D = 0.244, p = 8.6 × 10⁻⁵; CAI D = 0.383, p = 3.4 × 10⁻¹¹), but these differences are far smaller in magnitude than those against the random controls (GC3 D = 0.450; ENc D = 0.549; CAI D = 0.873), so the generated ORFs are consistently displaced away from the unbiased random distribution and toward the species reference.
Taken together, these results indicate that the species-specific codon-usage signature was largely recapitulated at the ORF level: on composition, codon-bias summary statistics and RSCU profile alike, the generated ORFs resemble the A. glutinosa reference far more than the unbiased random controls. This is consistent with the model capturing not only large-scale composition and domain organisation (main text) but also fine-grained synonymous codon preferences. A residual gap from the reference nonetheless remains: the KS differences against the NLR set are statistically significant and, although far smaller than those against the random controls, are not negligible for every metric — the gap is smallest for GC3 (D = 0.152) and largest for CAI (D = 0.383). Together with the short median length of the generated ORFs (351 bp; Table S4.1 note a), this leaves room for refinement (e.g. adding an explicit codon-usage objective or applying post-hoc codon optimisation toward the A. glutinosa codon table). Overall, however, the generated ORFs reproduce the expected species codon-usage signature.

