Supplementary Material S7 Dinucleotide-preserving shuffled NLR negative controls for biological validation
Random genomic sequences provide a general negative background but differ from natural NLR loci in length, GC content, and local nucleotide composition. To provide a more stringent composition-matched biological negative control, we generated dinucleotide-preserving shuffled sequences from the reference Alnus glutinosa NLR loci. This control retains low-order nucleotide composition while disrupting motif integrity, domain organization, reading-frame structure, and positional regulatory signals. It therefore enables the contribution of higher-order sequence organization to be distinguished from that of nucleotide composition alone.
S7.1 Construction and evaluation of the shuffled NLR control
The shuffled control was constructed from the 362 reference A. glutinosa NLR loci used in Section 3.3. Each locus was independently shuffled 10 times using the Altschul–Erikson dinucleotide-preserving algorithm implemented in uShuffle v1.1.2 with k = 2, producing 3,620 shuffled sequences. The procedure preserved sequence length and dinucleotide frequencies and was designed to retain the corresponding nucleotide composition and GC content while disrupting higher-order sequence organization. All shuffled sequences were evaluated using the same NLR-Annotator, functional-scoring, ORF-prediction, ExPASy translation, ESMFold, and zero-shot structural-classification procedures applied to the reference, generated, and random-control sequences.
The shuffled sequences were organised into 10 replicate sets, each containing one shuffled sequence per reference locus (n = 362 per replicate). Outcomes were first summarized at the source-locus level within each replicate, and individual shuffled sequences were not treated as independent biological observations. Shuffled NLR results were then summarized across the 10 replicate sets. Functional-score comparisons used 100 source loci to match the generated and random-control sample sizes. Protein-structure analyses included only sequences containing ORFs that met the predefined translation criteria.
Generated and Shuffled NLR results were compared using two-sided paired permutation tests based on the replicate-level summaries. P values for the five prespecified biological endpoints were adjusted for multiple comparisons using the Holm method. GC content was evaluated separately as a composition-matching check by comparing the Reference and Shuffled NLR groups using a two-sample Kolmogorov–Smirnov test.
Composition matching was assessed before downstream evaluation. The Reference and Shuffled NLR groups had the same mean GC content (38.1%), and their GC-content distributions did not differ significantly (KS p = 0.71). Dinucleotide frequencies were preserved by the k = 2 shuffling procedure.
Table S7.1 Biological performance of reference, generated and controlsequences
	Metric
	Reference
	Generated
	Random
	Shuffled NLR
	P value

	NLR-related domain hit rate (%)
	58.9
	60.0
	2.0
	4.0 ± 1.51
	p = 0.0098

	Complete-NLR hit rate (%)
	38.7
	35.0
	0.0
	1.0 ± 0.18
	p = 0.0095

	NB-ARC-like hit rate (%)
	20.2
	25.0
	2.0
	3.0 ± 0.63
	p = 0.0094

	Functional score, median
	0.48
	0.48
	0.20
	0.24 ± 0.08
	p =0.0096

	Mean pLDDT (± SD)
	83.5 ± 6.7
	48.7 ± 10.8
	30.5 ± 5.2
	33.5 ± 4.6
	p = 0.0098

	GC content (mean %)
	38.1
	40.6
	35.4
	38.1
	0.71 (n.s.)


Note: NLR-related sequences comprise Complete NLR and NB-ARC-like predictions. Shuffled NLR hit rates are reported as mean ± SD across 10 replicate sets. For functional score, the median was calculated within each replicate before the replicate-level medians were summarized as mean ± SD. For pLDDT, only sequences containing ORFs that met the predefined translation criteria were included. P values for the first five endpoints compare the Generated and Shuffled NLR groups using two-sided paired permutation tests based on replicate-level summaries and were adjusted using the Holm method. The GC-content P value compares the Reference and Shuffled NLR groups using a two-sample Kolmogorov–Smirnov test and was not included in the Holm adjustment. Individual shuffled sequences were not treated as independent biological observations. n.s. denotes not significant.
The generated sequences closely matched the reference set in NLR-related domain rate and median functional score, while showing higher domain, functional, and structural metrics than both negative controls. Differences between the Generated and Shuffled NLR groups remained significant after Holm correction, with adjusted P values ranging from 0.0094 to 0.0098 across the five biological endpoints. Mean pLDDT was higher for the generated sequences than for either negative control, although it remained below the reference value. The Shuffled NLR control had the same mean GC content as the Reference group and showed no significant difference in GC-content distribution (KS p = 0.71), yet its biological metrics remained close to those of the Random control. These findings indicate that nucleotide composition alone was insufficient to explain the higher-order biological features detected in the generated sequences.
Table S7.2. Zero-shot gene-structural-element classification performance for generated and negative-control sequences.
	Structural element
	Generated
	Random
	Shuffled NLR

	CDS
	0.912
	0.481
	0.526 ± 0.048

	Start codon
	0.895
	0.496
	0.504 ± 0.076

	Stop codon
	0.908
	0.502
	0.559 ± 0.046

	Splice site
	0.847
	0.474
	0.531 ± 0.052

	Promoter
	0.831
	0.468
	0.518 ± 0.047


Note: Values are areas under the receiver operating characteristic curve (AUC). Generated AUCs correspond to the gene-structural-element evaluation reported in Fig. 4F. Shuffled NLR values are reported as mean ± SD across 10 replicate sets, each containing one shuffled sequence per reference locus (n = 362 per replicate). All groups were evaluated using the same classifier, scoring function, and positive and negative window definitions.
Generated sequences achieved substantially higher AUCs (0.831–0.912) than the Random control (0.468–0.502) and the dinucleotide-preserving Shuffled NLR control (0.504–0.559). The Shuffled NLR AUCs remained close to the 0.5 no-skill level despite matching the low-order nucleotide composition of the reference loci. These results indicate that dinucleotide composition alone was insufficient to retain the ordered sequence signals required for gene-structural-element recognition.
