Supplementary Material S5 Conservation of NB-ARC motifs, amino-acid composition and LRR architecture in generated NLR candidates
Supplementary methods
Reference design. A two-tier comparison framework was used because we could not identify a functionally validated NLR gene from Alnus glutinosa in the available literature. Tier 1 comprised the species-matched A. glutinosa predicted NLR set (759 CDS / 396 loci; Supplementary Material S4), which was used for quantitative frequency comparisons. Tier 2 comprised a cross-species panel of experimentally validated NLRs (Table S5.1), which was used as a functional positive-control panel for motif presence, consensus patterns and domain-architecture comparison. This panel was not used for exact frequency matching because cross-species divergence can inflate apparent differences in subtype-dependent motifs and LRR-repeat counts.
Motif scanning. Candidate ORFs were translated using EMBOSS getorf/transeq. The NB-ARC domain was delimited by hmmsearch against Pfam PF00931, and canonical NB-ARC motifs (Table S5.2) were scored within the PF00931 envelope. Motifs were detected using NLRexpress (Martin et al., 2022) or, alternatively, FIMO scanning against motif profiles derived from Meyers et al. (2003), using the stated significance threshold. CNL and TNL profiles were scored separately for subtype-dependent motifs, including RNBS-A and RNBS-D.
Negative control. Real NLR CDS were dinucleotide-shuffled at the nucleotide level using esl-shuffle -d or uShuffle and then processed through the same ORF-calling, translation, PF00931 filtering and motif-scanning pipeline as the generated sequences. This composition-matched control preserves single- and dinucleotide frequencies while disrupting motif content and motif order, thereby separating structural NB-ARC-like signal from sequence-composition effects.
Table S5.1. Experimentally validated NLR panel used as the Tier 2 functional positive control

	Gene
	Class
	Species
	Database identifier (accession or locus ID)

	ZAR1
	CNL
	Arabidopsis thaliana
	AT3G50950

	RPM1
	CNL
	Arabidopsis thaliana
	AT3G07040

	RPS2
	CNL
	Arabidopsis thaliana
	AT4G26090

	RPS5
	CNL
	Arabidopsis thaliana
	AT1G12220

	RPP1-NdA
	TNL
	Arabidopsis thaliana
	GenBank HM209027.1

	Sr35
	CNL
	Triticum monococcum
	GenBank KC573058.1

	MLA10
	CNL
	Hordeum vulgare
	GenBank AY266445.1

	L6
	TNL
	Linum usitatissimum
	GenBank U27081.1

	N
	TNL
	Nicotiana glutinosa
	GenBank U15605.1

	Rx
	CNL
	Solanum tuberosum
	GenBank AJ011801.1


Note: CNL and TNL denote NLR subclasses. Arabidopsis entries are locus IDs, whereas the remaining entries are GenBank accession.version numbers. RPP1 is specified as the NdA allele.
Table S5.2 Canonical NB-ARC motifs used for motif scanning
	
	Motif (N-to-C order)
	Conserved core / scanning profile
	Diagnostic strength

	1
	P-loop / Kinase-1a (Walker A)
	GXXXXGK[ST]; e.g., GGVGKTT
	High

	2
	RNBS-A
	Subtype-dependent; CNL and TNL profiles evaluated separately
	Moderate

	3
	Kinase-2 (Walker B)
	[LIVMF][LIVMF]LDD[VI]
	High

	4
	RNBS-B / Kinase-3a region
	Subtype-dependent PSSM/profile
	Moderate

	5
	RNBS-C
	Variable; profile-based detection
	Low–moderate

	6
	GLPL
	GLPL-containing extended profile; e.g., GLPLAL
	High

	7
	RNBS-D
	Subtype-dependent; CNL and TNL profiles evaluated separately
	Moderate

	8
	MHD
	MHD-like motif; e.g., MHD
	Moderate


Note: Motifs were scanned within the NB-ARC domain using NLRexpress or PSSM/HMM profiles rather than literal regular expressions. Subtype-dependent RNBS motifs were evaluated separately for CNL and TNL profiles; GLPL was treated as an extended motif/profile rather than a bare 4-mer. Motif definitions follow Meyers et al. (2003) and Jupe et al. (2012). 
Table S5.3 Length-stratified generated-sequence subsets for motif and LRR analyses
	Subset
	n
	Median ORF length (aa)
	NB-ARC hit, n (%)
	Four-motif co-occurrence, n (%)

	All generated ORFs
	150
	117
	68（45.3）
	24 (16.0)

	NLR-related (NB-ARC hit)
	68
	220
	68 (100.0)
	24 (35.3)

	Generated ORFs ≥250 aa
	35
	332
	27 (77.1)
	17 (48.6)

	NLR-related ORFs ≥250 aa
	27
	356
	27 (100.0)
	17 (63.0)

	Generated ORFs ≥400 aa
	18
	523
	16 (88.9)
	13 (72.2)


Note: Percentages are calculated relative to the n shown for each subset. Length thresholds were used to assess whether NB-ARC detection and multi-motif co-occurrence increased with ORF length. Unless otherwise stated, generated-set motif frequencies in Tables S5.4-S5.5 are reported using the NLR-related ≥250 aa subset as the denominator. 
Table S5.4 Detection frequency of canonical NB-ARC motifs across comparison groups
	Motif
	Validated NLR panel (%)
	A. glutinosa NLR reference (%)
	Generated NLR-related ≥250 aa (%, n = 27)
	Dinucleotide-shuffled NLR (%,n = 27)

	P-loop (Walker A)
	100
	89.1
	74.1
	3.7

	RNBS-A (CNL/TNL)
	90
	68.0
	48.1
	7.4

	Kinase-2 (Walker B)
	100
	81.9
	70.4
	3.7

	RNBS-B
	90
	71.0
	55.6
	7.4

	RNBS-C
	70
	59.2
	44.4
	7.4

	RNBS-D (CNL/TNL)
	80
	70.4
	42.5
	3.7

	GLPL
	90
	87.0
	70.4
	3.7

	MHD
	80
	76.0
	66.7
	3.7


Note: Values indicate the percentage of sequences in each group with a detected motif. Denominators were n = 10 for the validated NLR panel, n = 759 CDS for the A. glutinosa NLR reference, and n = 27 for both the generated NLR-related ≥250 aa subset and the dinucleotide-shuffled control. Motifs were scanned within the NB-ARC domain using the thresholds and background model described in Methods. RNBS-A and RNBS-D were evaluated using class-specific CNL and TNL profiles.
Table S5.5 Ordered NB-ARC motif architecture across comparison groups
	Motif combination
	Validated NLR panel (%, n = 10)
	A. glutinosa NLR reference (%)
	Generated NLR-related ≥250 aa (%, n = 27)
	Dinucleotide-shuffled control (%, n = 27)

	P-loop + Kinase-2
	100
	82.0
	70.4
	0

	P-loop + Kinase-2 + GLPL
	90
	78.0
	66.7
	0

	P-loop + Kinase-2 + GLPL + MHD
	80
	68.0
	63.0
	0

	Correct N→C motif order
	80
	65.0
	55.6
	0


Note: Values indicate the percentage of sequences containing the specified motif combination. The generated-set denominator is the NLR-related ≥250 aa subset defined in Table S5.3 (n = 27). Correct N-to-C motif order requires the detected motifs to occur in the canonical NB-ARC order. Dinucleotide-shuffled controls preserve nucleotide composition but disrupt motif order; no shuffled control sequence contained the ordered multi-motif architecture under the same scanning criteria.
Table S5.6 Amino-acid composition similarity across comparison groups (mol %, all 20 residues)
	Amino acid
	A. glutinosa NLR reference (mean ± s.d., mol %)
	Generated (mean ± s.d., mol %)
	Dinucleotide-shuffled NLR (mean ± s.d., mol %)
	Uniform synonymous codon (fixed)

	Leu (L)
	12.4 ± 1.5
	11.9 ± 1.9
	12.3 ± 1.4
	9.84

	Ser (S)
	7.4 ± 1.0
	7.0 ± 1.2
	7.4 ± 1.0
	9.84

	Arg (R)
	5.0 ± 0.8
	5.1 ± 1.2
	5.1 ± 0.8
	9.84

	Val (V)
	6.4 ± 0.8
	7.6 ± 0.9
	6.2 ± 0.8
	6.56

	Ala (A)
	6.7 ± 1.0
	6.2 ± 1.1
	6.5 ± 1.0
	6.56

	Gly (G)
	6.2 ± 0.8
	6.9 ± 1.0
	7.4 ± 0.8
	6.56

	Pro (P)
	4.6 ± 0.8
	4.2 ± 0.9
	4.1 ± 0.8
	6.56

	Thr (T)
	5.1 ± 0.7
	5.8 ± 0.8
	5.5 ± 0.7
	6.56



	Amino acid
	A. glutinosa NLR reference (mean ± s.d., mol %)
	Generated (mean ± s.d., mol %)
	Dinucleotide-shuffled NLR (mean ± s.d., mol %)
	Uniform synonymous codon (fixed)

	Ile (I)
	5.9 ± 0.8
	5.3 ± 1.0
	5.7 ± 0.8
	4.92

	Phe (F)
	4.1 ± 0.6
	4.0 ± 0.7
	4.8 ± 0.6
	3.28

	Tyr (Y)
	3.0 ± 0.5
	3.9 ± 0.7
	3.9 ± 0.5
	3.28

	His (H)
	2.2 ± 0.4
	1.8 ± 0.5
	2.3 ± 0.4
	3.28

	Gln (Q)
	3.6 ± 0.5
	2.5 ± 0.8
	3.0 ± 0.4
	3.28

	Asn (N)
	4.7 ± 0.7
	5.4 ± 0.9
	4.1 ± 0.7
	3.28

	Lys (K)
	6.1 ± 0.9
	7.2 ± 1.0
	6.0 ± 0.8
	3.28

	Asp (D)
	5.3 ± 0.7
	4.4 ± 0.8
	4.7 ± 0.6
	3.28

	Glu (E)
	6.3 ± 0.9
	6.4 ± 1.0
	5.9 ± 0.9
	3.28

	Cys (C)
	1.6 ± 0.4
	1.1 ± 0.7
	1.2 ± 0.4
	3.28

	Met (M)
	2.2 ± 0.4
	1.7 ± 0.5
	2.5 ± 0.4
	1.64

	Trp (W)
	1.2 ± 0.3
	1.3 ± 0.4
	1.4 ± 0.3
	1.64

	Pearson r vs A. glutinosa NLR (20-aa vector)
	1.000
	0.964
	0.980
	0.716

	Leucine KS D vs A. glutinosa NLR (per-protein mol%)
	—
	0.18
	0.06
	0.65


Note: Values are molar percentages of amino acids across all 20 residues and are reported as mean ± s.d. unless otherwise indicated. The uniform synonymous-codon column represents the exact theoretical expectation under equal usage of the 61 sense codons, with stop codons excluded. Pearson r was calculated between each 20-amino-acid composition vector and the A. glutinosa NLR reference vector. The leucine KS statistic was calculated from per-protein leucine mol% distributions. Amino-acid composition similarity was used as a composition-level sanity check; motif retention and ordered NB-ARC architecture provide the discriminating evidence for NLR-like structure (Tables S5.4–S5.5). Dash indicates self-comparison or not applicable.
Table S5.7. LRR-repeat architecture across comparison groups.
	Group
	n
	LRR repeats,
mean ± s.d.
	Range
	Sequences with ≥3 LRR(%)

	Experimentally validated panel
	10
	16.0 ± 4.5
	10–26

	100.0

	A. glutinosa NLR reference
	759
	15.0 ± 5.2
	0-28
	90.0

	Generated NLR-related ORFs ≥250 aa
	27
	4.1 ± 3.0
	0–14
	51.8

	Dinucleotide-shuffled NLR
	27
	0.6 ± 0.8
	0-4
	3.7


Note: LRR repeats were predicted using the same LRR-detection tool and score threshold across all comparison groups. Values represent computationally predicted repeat counts and were not manually curated. The generated group corresponds to the NLR-related ORFs ≥250 aa subset defined in Table S5.3 and should not be interpreted as full-length NLRs. Because many generated ORFs are shorter than full-length reference NLRs, fewer predicted LRR repeats are expected. Dinucleotide-shuffled controls preserve nucleotide composition but disrupt ordered repeat architecture.
Interpretation and limitations: Short ORF length is the main confounding factor in this analysis. Therefore, motif and LRR frequencies were interpreted using the length-stratified denominators in Table S5.3 and, where indicated, were reported for the NLR-related generated sequences rather than all generated ORFs. Under this length-aware comparison, the generated sequences recovered local NB-ARC-like features, including ATP-binding/catalytic motifs and their canonical order, more consistently than full-length NBS-LRR architecture. Amino-acid composition alone is not sufficient evidence for NLR-like structure because the dinucleotide-shuffled control showed similar composition; the discriminating evidence is the retention and correct ordering of canonical NB-ARC motifs (Tables S5.4-S5.5), which was largely absent from the shuffled control.
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