Supplementary Material S3
Justification and sensitivity analyses of the Jaccard threshold, SASA sparsity, and LoRA rank.
In MGS-HCT the Jaccard threshold governs homology-edge selection within Structure-Aware Sparse Attention (Section 2.3): for a given query, a distant fragment is admitted as an attention target (a homology edge) when their MinHash Jaccard over the SASA-selected sparse 6-mer set is at least τ. This note justifies the value τ = 0.5 for the 6-mer representation, shows that it is separated from the measured non-homologous background, and discusses its relationship to the complexity of the 28-genome corpus and to overfitting. All quantities refer to fragments of length L = 4,101 bp with stride-1 6-mer tokenisation and MinHash num_perm = 128.
S3.1 Comparison set
A 4,101-bp fragment contains L − 6 + 1 = 4,096 stride-1 6-mer positions. Because this number is comparable to the complete 6-mer vocabulary (4⁶ = 4,096), full-fragment 6-mer sets can exhibit substantial background overlap and provide limited discrimination between homologous and non-homologous fragments. Edge similarity was therefore calculated using the SASA-selected sparse set. The top 3% of positions ranked by gating activation (topk_ratio = 0.03) were selected as anchors and expanded using a ±16-token neighbourhood (esam_window = 16). Similarity was calculated on the resulting sparse set, which was capped at 512 6-mer tokens (max_tokens = 512).
S3.2 Empirical non-homologous null (measured)
To establish the background distribution against which the SASA homology-edge threshold was evaluated, we randomly sampled 10,000 fragment pairs from different annotated families and treated them as non-homologous negative pairs. For each pair, exact Jaccard similarity was computed on the same expanded sparse 6-mer sets used by the homology branch.
Table S3.2 Empirical non-homologous Jaccard distribution and MinHash estimation error for randomly sampled cross-family fragment pairs.
	Statistic (exact Jaccard, non-homologous pairs)
	Measured value

	Number of cross-family non-homologous pairs, N
	10,000

	Mean ± s.d.
	0.148 ± 0.092

	Median
	0.119

	95th percentile
	0.335

	MinHash vs exact Jaccard, MAE (num_perm = 128)
	0.027


Measured on 10,000 randomly sampled cross-family negative pairs using the expanded sparse 6-mer sets. The distribution was right-skewed (median = 0.119 < mean = 0.148), consistent with elevated 6-mer sharing in repeat-rich plant genomes. Nevertheless, the 95th percentile remained 0.335, below the operating threshold τ = 0.5.
S3.3 Choice of the threshold τ = 0.5 for the 6-mer representation
The 6-mer alphabet (4⁶ = 4,096) is fine enough that unrelated sequences share few 6-mers, yet coarse enough that the point substitutions and short indels distinguishing true homologues perturb only a few overlapping 6-mers; homologues therefore retain a high 6-mer Jaccard while non-homologues do not. Two criteria fix the value at 0.5. First, it exceeds the 95th percentile of the measured non-homologous background (0.335; S3.2), so spurious edges are admitted only rarely. Second, it is the empirically optimal operating point of the following sweep, in which the homology edges admitted at each τ are evaluated:
Table S3.3 Sensitivity of homology-edge detection, clustering recovery,and validation pseudo-PPL to the Jaccard threshold τ.
	τ
	Retained edges
	Homology edges retained (%)
	Precision
	Recall
	F1
	Clustering ARI
	Val. perplexity

	0.30
	49,200,000
	98.41%
	0.19
	0.98
	0.32
	0.18
	12.34 ± 0.11

	0.40
	43,600,000
	87.21%
	0.28
	0.94
	0.43
	0.27
	12.15 ± 0.09

	0.50
	2,850,000
	5.70%
	0.78
	0.81
	0.79
	0.65
	11.24 ± 0.05

	0.60
	720,000
	1.44%
	0.89
	0.60
	0.72
	0.58
	11.93 ± 0.07

	0.70
	180,000
	0.36%
	0.95
	0.34
	0.50
	0.41
	12.12 ± 0.08


L = 4,101 bp; num_perm = 128. ‘Retained edges’ = fragment pairs with Jaccard ≥ τ admitted as homology edges; ‘Homology edges retained (%)’ is this count as a fraction of the evaluated candidate-pair set (≈ 50.0M pairs in every row). The threshold sweep was performed on 10,000 labelled fragments, corresponding to approximately 49.995 million evaluated candidate pairs. Precision/recall/F1 quantify the agreement of the admitted edges with annotated homology; clustering ARI measures recovery of the family structure; validation pseudo-PPL (mean ± s.d.) is the held-out perplexity of the model when SASA uses edges admitted at that τ. τ = 0.5 (highlighted) gives the maximum F1 (0.79) and ARI (0.65) and the minimum validation pseudo-PPL (11.24); lower τ admits spurious edges (precision 0.19 at τ = 0.3), higher τ discards true edges (recall 0.34 at τ = 0.7).
S3.4 MinHash estimation accuracy
The MinHash Jaccard estimate (num_perm = 128) agreed closely with the exact Jaccard values, with a measured mean absolute error (MAE) of 0.027 across the sampled non-homologous pairs. This error was substantially smaller than the 0.165 separation between the 95th percentile of the non-homologous background (0.335) and the operating threshold (τ = 0.5), supporting the adequacy of 128 permutations at the selected threshold. Nevertheless, estimation error may still affect admit or reject decisions for pairs whose exact Jaccard similarity is close to 0.5.
S3.5 Dataset complexity and overfitting
For the homology edges to be useful without inducing overfitting, the 28-genome corpus (Section 2.2) must be sufficiently diverse for the model to learn generalisable representations rather than memorise sequences. It must also contain sufficient genuine homology, including conserved gene families and repeated elements within and across species, to provide meaningful long-range signals. The corpus comprises 28 forest-tree genomes representing 28 species across 10 genera, with a total size of approximately 71 Gbp and 17.3 million non-overlapping 4,101-bp fragments. It therefore provides both broad taxonomic diversity and abundant homologous structure.
Within SASA, homology edges act as an inductive bias because each admitted edge allows a query to attend to a distant fragment, while the threshold controls edge precision. An over-permissive threshold with a low τ admits spurious edges between non-homologous fragments, allowing the model to fit idiosyncratic cross-fragment correlations that may not generalise. In contrast, an over-strict threshold with a high τ discards genuine homology and removes potentially useful long-range signals. Consistent with this interpretation, the sweep in S3.3 showed that validation pseudo-PPL was minimised at τ = 0.5 (11.24) and increased at both lower and higher thresholds (12.34 at τ = 0.3 and 12.12 at τ = 0.7). Clustering ARI was also maximised at τ = 0.5 (0.65). These held-out results support the selected threshold and provide no material evidence of overfitting within the stated data split. However, they do not by themselves exclude sequence memorisation, which was evaluated separately in Supplementary Material S6.
S3.6 Sensitivity analysis of the sparse-anchor fraction (topk_ratio)
The sparse-anchor fraction (topk_ratio) determines the proportion of high-gating-activation positions promoted to SASA anchors. We treated topk_ratio as the primary SASA sensitivity parameter because it directly controls the degree of attention sparsity. The neighbourhood window and sparse-set cap were treated as fixed architectural bounds and were held at esam_window = 16 and max_tokens = 512, respectively. We evaluated topk_ratio values of 0.01, 0.03, 0.05, and 0.10 while fixing τ = 0.5 and num_perm = 128. All other training and evaluation settings were identical to those of the main model.
Table S3.6 Sensitivity of the SASA sparse-anchor fraction (topk_ratio).
	topk_ratio
	Validation pseudo-PPL (mean ± SD)
	Acc % (mean ± SD)
	Cap-hit %
	Peak memory (GB)
	Latency (ms)

	0.01
	12.85 ± 0.12
	82.1 ± 0.4
	0.0
	7.5
	121

	0.03
	11.24 ± 0.06
	85.7 ± 0.3
	3.1
	11.6
	168

	0.05
	11.19 ± 0.07
	85.8 ± 0.3
	41.7
	14.2
	226

	0.10
	11.11 ± 0.08
	86.0 ± 0.4
	88.4
	21.8
	342


Note: Sequence length was 4,096 6-mer tokens (4,101 bp). Experiments were run on a single NVIDIA RTX 4090 (24 GB) with batch size 8 and bf16 mixed precision. PPL and Acc are reported as mean ± sample SD across three independent runs. Cap-hit (%) is the fraction of queries for which the expanded sparse set reached the max_tokens = 512 limit and was truncated. Peak memory and latency are reported as mean values across the same three independent runs. Peak memory is the maximum allocated GPU memory during a training iteration, and latency is the end-to-end wall-clock time per iteration, including MinHash retrieval and sparse-set construction.
Reducing topk_ratio from 0.03 to 0.01 impaired validation performance, increasing pseudo-PPL from 11.24 to 12.85 and reducing accuracy from 85.7% to 82.1%. Increasing topk_ratio to 0.05 or 0.10 produced only small pseudo-PPL improvements of 0.05 and 0.13, respectively, while increasing peak memory from 11.6 GB to 14.2 GB and 21.8 GB and increasing latency from 168 ms to 226 ms and 342 ms. The denser settings also increased the cap-hit rate from 3.1% at 0.03 to 41.7% and 88.4%, respectively. We therefore selected topk_ratio = 0.03 as the performance-efficiency operating point.
We therefore selected topk_ratio = 0.03 as the performance–efficiency operating point. This setting retains near-maximal validation performance while avoiding the substantially higher memory use, latency, and cap saturation of denser configurations.
S3.7 Sensitivity analysis of LoRA rank (r) for conditional NLR-sequence generation
The LoRA rank r controls the capacity of the trainable low-rank adapter while the pre-trained MGS-HCT backbone remains frozen. We evaluated r = 4, 8, 16, 32, and 64 to determine the trade-off between conditional generation quality, sequence diversity, and trainable-parameter cost. Only r was varied; the LoRA target modules, scaling, dropout, adaptation optimizer and schedule, conditioning inputs, and decoding settings were held fixed across comparisons.
Table S3.7 Sensitivity of LoRA rank for conditional NLR-sequencegeneration.
	Rank r
	Trainable params (M)
	NLR-related candidates, n/100 (95% CI, %)
	Functional score, median (95% CI)
	Diversity D̄ (95% CI)

	4
	0.05
	50/100 (50.0; 40.4-59.6)
	0.42 (0.38-0.46)
	0.71 (0.68-0.74)

	8
	0.09
	56/100 (56.0; 46.2-65.3)
	0.45 (0.41-0.49)
	0.69 (0.66-0.72)

	16
	0.18
	60/100 (60.0; 50.2-69.2)
	0.48 (0.44-0.52)
	0.66 (0.63-0.69)

	32
	0.36
	61/100 (61.0; 51.2-70.0)
	0.48 (0.44-0.52)
	0.61 (0.58-0.64)

	64
	0.72
	59/100 (59.0; 49.2-68.1)
	0.47 (0.43-0.51)
	0.55 (0.52-0.58)


Note: The backbone was frozen and only LoRA parameters were trainable. For each rank, 100 candidates were generated under identical conditioning and decoding settings. NLR-related candidates comprise Complete NLR and NB-ARC-like sequences identified by NLR-Annotator. Functional score and normalised average pairwise Hamming diversity (D̄) were calculated from decoded nucleotide sequences as described in Section 2.7. Values in parentheses are 95% confidence intervals: Wilson score intervals were used for NLR-related proportions, whereas non-parametric bootstrap intervals (10,000 resamples) were used for functional-score medians and diversity. The selected rank is shown in bold.
Increasing the LoRA rank from 4 to 16 increased the NLR-related proportion from 50.0% to 60.0% and the median functional score from 0.42 to 0.48, suggesting limited adaptation capacity at the lower ranks. Increasing the rank beyond 16 provided little additional benefit. At r = 32, the functional-score median remained 0.48 and the NLR-related proportion increased by only one percentage point, while the number of trainable parameters doubled from 0.18 M to 0.36 M and diversity decreased from 0.66 to 0.61. At r = 64, the parameter count was fourfold higher than at r = 16, without improvement in the functional score or NLR-related proportion, while diversity decreased further to 0.55. We therefore selected r = 16 as the parameter-efficient operating point for conditional NLR-sequence generation.
