ATLAS-Evo: An Evidence-Tiered Benchmark Framework for Condition-Aware Cis-Regulatory Prediction
Ario Jafari1,*, Pardis Jayervand2, Thomas Ederth1
1 Division of Biophysics and Bioengineering, IFM, Linköping University, 581 83 Linköping, Sweden
2 Research and Innovation Center, Livogen Pharmed Co., 1417755358 Tehran, Iran
* Corresponding author: ario.jafari@liu.se 
Table S1. Complete track-level dataset, input-file, split, branch-type, and evidence-tier evaluation for T01-T33.
	Code
	Dataset/source
	Track/branch name
	n processed rows
	n unique sequences
	Train /test or train/eval split
	Branch type
	Evidence tier / decision

	T01
	GSE221384-derived context branch
	GSE221384_context_track
	150000
	12499
	112500 / 37500 (group shuffle by condition)
	Secondary support / related-proxy
	external/exploratory support; not primary headline

	T02
	PARM/GSE301246
	PARM_GSE301246_Task_C_stress_test
	148392
	16486
	115416 / 32976 (group shuffle by condition)
	Boundary/failure branch
	stress-test branch; use as boundary evidence

	T03
	GSE221384-derived context branch
	PARM_GSE301246_held_out_context_track
	6000
	500
	4500 / 1500 (group shuffle by condition)
	Primary/headline eligible
	positive context/transfer evidence

	T04
	GSE221384-derived context branch
	PARM_GSE301246_held_out_context_track_2
	150000
	12499
	112500 / NA / 37500 (group shuffle by condition)
	Primary/headline eligible
	positive context/transfer evidence

	T05
	GSE221384-derived context branch
	PARM_GSE301246_held_out_context_track_3
	50
	50
	40 / 10 (random split)
	Excluded from headline / sensitivity
	small-n branch

	T06
	GSE221384-derived context branch
	PARM_GSE301246_held_out_context_track_4
	50
	50
	40 / 10 (random split)
	Excluded from headline / sensitivity
	small-n branch

	T07
	GSE221384-derived context branch
	PARM_GSE301246_held_out_context_track_5
	50
	50
	40 / 10 (random split)
	Excluded from headline / sensitivity
	small-n branch

	T08
	GSE221384-derived context branch
	PARM_GSE301246_held_out_context_track_6
	50
	50
	40 / 10 (random split)
	Excluded from headline / sensitivity
	small-n branch

	T09
	GSE221384-derived context branch
	PARM_GSE301246_held_out_context_track_7
	50
	50
	40 / 10 (random split)
	Excluded from headline / sensitivity
	small-n branch

	T10
	PARM/GSE301246
	PARM_GSE301246_held_out_context_track_TaskB
	662
	331
	529 / 133 (random split)
	Boundary/failure branch
	use as transfer boundary

	T11
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track
	150000
	139904
	60438 / 89562 (provided split col)
	Boundary/failure branch
	negative R2; use as explicit failure/boundary result

	T12
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_10
	100000
	100000
	80000 / 20000 (random split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T13
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_11
	20000
	20000
	16000 / NA / 4000 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T14
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_12
	20000
	20000
	16000 / 4000 (random split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T15
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_13
	20000
	13871
	16000 / 4000 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T16
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_14
	100000
	100000
	80000 / 20000 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T17
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_15
	100000
	100000
	80000 / 20000 (random split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T18
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_16
	149258
	149258
	119406 / 29852 (random split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T19
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_17
	20000
	20000
	16000 / 4000 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T20
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_18
	20000
	13871
	16000 / 4000 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T21
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_19
	100000
	100000
	80000 / 20000 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T22
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_2
	71103
	39069
	56882 / 14221 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T23
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_20
	20000
	20000
	16000 / 4000 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T24
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_3
	150000
	150000
	120000 / 30000 (random split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T25
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_4
	149999
	149999
	119999 / 30000 (random split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T26
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_5
	71103
	39069
	56882 / 14221 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T27
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_6
	149999
	149999
	119999 / 30000 (random split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T28
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_7
	149999
	149999
	119999 / NA / 30000 (random_split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T29
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_8
	20000
	20000
	16000 / 4000 (random_split)
	Primary/headline eligible
	large-n positive base/reference evidence

	T30
	Random Promoter DREAM / MAUDE-derived
	Random_Promoter_DREAM_base_track_9
	20000
	13871
	16000 / 4000 (random split)
	Secondary support / related-proxy
	related/duplicate evidence; do not count as independent headline

	T31
	DREAM/MAUDE prediction-derived
	extra_test_inregime_predictions_v0
	80000
	20000
	60000  / 20000 (group shuffle by condition)
	Exploratory / prediction-derived capacity
	prediction-derived or extra branch; not headline evidence

	T32
	DREAM/MAUDE prediction-derived
	extra_test_maude_shift_predictions_v0
	80000
	13871
	60000 / NA / 20000 (group shuffle by condition)
	Exploratory / prediction-derived capacity
	prediction-derived or extra branch; not headline evidence

	T33
	DREAM/MAUDE prediction-derived
	extra_val_inregime_predictions_v0
	80000
	20000
	60000 / 20000 (group shuffle by condition)
	Exploratory / prediction-derived capacity
	prediction-derived or extra branch; not headline evidence





Table S2. Interpretable grammar model dictionary
	Code
	Model identifier
	Short label
	Feature scope / interpretation

	M01
	M01_GC_length
	GC + length
	Baseline interpretable sequence-composition model using GC content and sequence length.

	M02
	M02_GC_length_char6
	GC + length + 6-mer
	Adds local 6-mer/char6 sequence grammar to the GC/length baseline.

	M03
	M03_GC_length_multi_char6
	GC + length + multi-6-mer
	Adds selected multi-6-mer interaction features to capture combinatorial local grammar.

	M04
	M04_GC_length_windowed_char6
	Windowed 6-mer grammar
	Uses positional/windowed 6-mer features together with GC and length.

	M05
	M05_GC_length_windowed_multi_char6
	Windowed multi-6-mer grammar
	Extends windowed grammar with selected multi-6-mer interaction features.

	M06
	M06_GC_length_condition_gated_char6
	Condition-gated 6-mer grammar
	Adds condition-gated weighting to local 6-mer grammar features.

	M07
	M07_GC_length_condition_gated_multi_char6
	Condition-gated multi-6-mer grammar
	Adds condition-gated weighting to multi-6-mer interaction features.

	M08
	M08_dynamic_condition_weighted_char6
	Dynamic condition-weighted 6-mer
	Uses dynamic condition-weighted local 6-mer features for context-aware prediction.

	M09
	M09_dynamic_condition_weighted_multi_char6
	Dynamic condition-weighted multi-6-mer
	Uses dynamic condition-weighted multi-6-mer interaction features.

	M10
	M10_residual_rescue_char6
	Residual-rescue 6-mer
	Residual-rescue model based on local 6-mer features; used to test whether remaining signal can be recovered after earlier grammar layers.

	M11
	M11_residual_rescue_multi_char6
	Residual-rescue multi-6-mer
	Residual-rescue model using multi-6-mer interaction features.

	M12
	M12_residual_rescue_condition_gated
	Residual-rescue condition-gated grammar
	Residual-rescue model using condition-gated grammar features.





Table S3. Theory-proxy module dictionary
	Code
	Proxy module
	Theory component approximated
	Public-data implementation / interpretation

	P01
	Mutational-prior proxy
	Mutational reachability proxy
	Approximates sequence accessibility from available sequence-composition and grammar-derived features. This is not a measured mutation spectrum.

	P02
	Selection-potential proxy
	Condition-dependent functional preference or selection-like potential
	Approximates regulatory preference from sequence-to-output relationships. This is not literal evolutionary fitness.

	P03
	Latent-state/operator proxy
	Latent regulatory state or operator behavior
	Represents sequence-context structure in a latent feature space. This is a diagnostic proxy, not a validated time-lagged evolutionary transition model.

	P04
	Observable-alignment proxy
	Alignment between proxy representation and measured regulatory output
	Links the proxy representation to measured promoter/MPRA outputs. This was the strongest related/proxy branch in the current analysis.

	P05
	Uncertainty/acquisition proxy
	Uncertainty-guided ranking and acquisition priority
	Uses uncertainty or ensemble-style behavior to rank cases or branches by informativeness. This produced the strongest independent/context headline result in the current analysis.




Table S4. External benchmark-head dictionary
	Code
	Model / head
	Short label
	Role in the benchmark

	B01
	Ridge regression / GLM-style linear head
	Ridge / GLM-style
	Linear baseline for testing whether ATLAS-Evo features carry signal under a simple regularized model.

	B02
	ElasticNet regression / GLM-style sparse-linear head
	ElasticNet / GLM
	Sparse regularized linear baseline combining L1/L2 penalties; tests whether a smaller subset of features explains regulatory output.

	B03
	Nyström kernel ridge regression with RBF approximation
	Nyström kernel ridge
	Nonlinear kernel-control head using an approximate RBF feature map.

	B04
	ExtraTrees regression
	ExtraTrees
	Tree-ensemble nonlinear baseline; tests nonparametric feature interactions.

	B05
	Random forest regression
	RandomForest
	Bagged tree-ensemble baseline for nonlinear feature interactions and robustness.

	B06
	Histogram gradient boosting regression
	HistGradientBoosting
	Boosted-tree nonlinear baseline for high-capacity tabular prediction.

	B07
	Nyström SVR-like head
	Nyström SVR-like
	Approximate support-vector-style nonlinear baseline.

	B08
	Multilayer perceptron regressor
	MLPRegressor
	Core external neural-network benchmark head; used as a nonlinear model-ceiling control.

	B08B
	External MLP reproducer/control on the ATLAS feature matrix
	External MLP reproducer/control
	Separate reproducer/control MLP. It is reported alongside B heads but is not counted as a ninth core external benchmark family.




Table S5. ATLAS-Evo nonlinear-head dictionary
	Code
	Model / head
	Short label
	Role in the benchmark

	N01
	N01_T04_ObservableAlignment_ExtraTrees
	T04 observable-alignment ExtraTrees
	ATLAS-Evo-compatible nonlinear head fitted on the observable-alignment proxy representation.

	N02
	N02_T04_ObservableAlignment_HistGB
	T04 observable-alignment HistGB
	Boosted-tree nonlinear head fitted on the observable-alignment proxy representation.

	N03
	N03_T05_UncertaintyEnsemble_ExtraTrees
	T05 uncertainty-ensemble ExtraTrees
	Tree-ensemble nonlinear head fitted on the uncertainty/acquisition proxy representation.

	N04
	N04_T05_UncertaintyEnsemble_HistGB
	T05 uncertainty-ensemble HistGB
	Boosted-tree nonlinear head fitted on the uncertainty/acquisition proxy representation.

	N05
	N05_T02_SelectionPotential_HistGB
	T02 selection-potential HistGB
	Boosted-tree nonlinear head fitted on the selection-potential proxy representation.

	N06
	N06_ATLAS_T04_ObservableAlignment_MLP
	ATLAS T04 observable-alignment MLP
	MLP head attached to the ATLAS-Evo observable-alignment proxy features.

	N07
	N07_ATLAS_T05_UncertaintyEnsemble_MLP
	ATLAS T05 uncertainty-ensemble MLP
	MLP head attached to ATLAS-Evo uncertainty-ensemble proxy features; used in all-track confirmation/capacity analysis.

	N08
	N08_ATLAS_T02_SelectionPotential_MLP
	ATLAS T02 selection-potential MLP
	MLP residual head attached to ATLAS-Evo selection-potential proxy features.

	N09
	N09_ATLAS_FullTheory_MLP
	ATLAS full-theory MLP
	Full-theory ATLAS-Evo feature/proxy matrix with an MLP head; main ATLAS-Evo nonlinear capacity result.





Table S6. Operational rules used to generate, filter, split, de-duplicate, and assign evidence tiers to T01-T33.
	Rule area
	Operational rule
	Implementation / affected tracks

	Input-file harmonization
	Each processed branch was converted to a model-ready table with id, sequence, target, condition/group metadata when available, and split metadata when available. The final input file reads the concrete input for each T code.
	Applies to all T01-T33

	Preprocessing and filtering
	Rows without a usable sequence or target were excluded from supervised target-bearing branches. Sequence strings were standardized before hashing. Large source tables were represented by prepared model-ready tracks; Table S1 reports the documented processed row count rather than the full raw source count.
	Track-file recorded columns: n processed rows, unique sequence hashes, unique ids

	Target normalization
	The supervised response was stored in the unified target column. Depending on the source branch, this target represents processed promoter expression/activity, log-normalized MPRA activity, count-derived context activity, perturbation/control difference, or a prediction-derived response.
	Specified per track by input file and source role

	Split construction
	Source-provided train/validation/test or fold/test splits were used where available. 
	Split method column: provided split col, random split, group shuffle by condition

	Duplicate / related-track detection
	The comparison used exact sequence hashes across all track pairs, sequence-overlap fraction relative to the smaller track, ID overlap, target correlation on overlapping sequences, identical best-metric signatures, and source/name relationships.
	528 pairwise comparisons; 285 potential related/duplicate pairs flagged

	Primary/headline-eligible rule
	A branch was eligible for headline evidence only if it had a measured or directly target-bearing response, enough evaluation rows for stable interpretation, no prediction-derived target reuse, and no direct duplicate relationship that would inflate a transfer claim.
	Primary headline

	Related/proxy or secondary-support rule
	Branches sharing source sequence sets, overlapping target construction, duplicated/near-duplicated rows, or intended representation/proxy alignment roles were retained as secondary support even when their R2 was high.
	Secondary support

	Prediction-derived rule
	Branches whose response variable was generated from previous predictions or confirmation outputs were retained only for capacity analysis and were excluded from independent transfer claims.
	T31-T33; evidence class = exploratory only

	Boundary/failure rule
	Stress-test branches, weak or near-zero transfer branches, and negative-R2 branches were retained to define the benchmark boundary instead of being hidden.
	T02, T10, T11; evidence class = boundary failure

	Excluded-from-headline rule
	Small branches and sensitivity-only branches were not used for headline transfer claims.
	T05-T09; 50 processed rows each; 40 train / 10 eval in documented split





Table S7. Representative duplicate/related-track examples used for claim-boundary assignment.
	Reference track
	Compared track
	Sequence overlap count
	Sequence jaccard
	Sequence overlap fraction of smaller track
	Id overlap count
	Id overlap fraction of smaller track
	Target correlation for shared sequences
	Leakage or duplication risk

	GSE221384_context_track
	PARM_GSE301246_held_out_context_track_2
	12499
	1.000
	1.000
	150000
	1.000
	0.668
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_5
	Random_Promoter_DREAM_base_track_9
	13871
	0.355
	1.000
	20000
	1.000
	0.995
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_5
	Random_Promoter_DREAM_base_track_13
	13871
	0.355
	1.000
	20000
	1.000
	0.995
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_5
	Random_Promoter_DREAM_base_track_18
	13871
	0.355
	1.000
	20000
	1.000
	0.995
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_8
	Random_Promoter_DREAM_base_track_14
	20000
	0.200
	1.000
	20000
	1.000
	1.000
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_8
	Random_Promoter_DREAM_base_track_16
	20000
	0.134
	1.000
	20000
	1.000
	1.000
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_8
	Random_Promoter_DREAM_base_track_19
	20000
	0.200
	1.000
	20000
	1.000
	1.000
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_9
	Random_Promoter_DREAM_base_track_13
	13871
	1.000
	1.000
	20000
	1.000
	1.000
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_9
	Random_Promoter_DREAM_base_track_18
	13871
	1.000
	1.000
	20000
	1.000
	1.000
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_9
	extra_test_maude_shift_predictions_v0
	13871
	1.000
	1.000
	20000
	1.000
	0.727
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_10
	Random_Promoter_DREAM_base_track_12
	20000
	0.200
	1.000
	20000
	1.000
	1.000
	Duplicate or near duplicate

	Random_Promoter_DREAM_base_track_11
	Random_Promoter_DREAM_base_track_17
	20000
	1.000
	1.000
	20000
	1.000
	1.000
	Duplicate or near duplicate





Table S8. Leakage-prevention checks and their role in evidence-tier assignment.
	Leakage-control component
	How it was checked
	Interpretation for evidence tier

	Exact sequence overlap
	Sequence strings were standardized and compared using exact sequence hashes across all track pairs.
	High overlap or full containment prevented independent-transfer interpretation.

	Sequence-set Jaccard overlap
	The intersection of unique sequence sets was divided by the union of unique sequence sets.
	High values indicated duplicate or near-duplicate sequence content.

	Overlap fraction of smaller track
	The shared-sequence count was divided by the size of the smaller track.
	A value near 1 indicated that one branch was contained in another.

	ID overlap
	Track IDs were compared when stable identifiers were present.
	High ID overlap supported duplicate/related-track classification.

	Target correlation for shared sequences
	For shared sequences with matched target values, target vectors were correlated.
	High correlation indicated shared response structure, target reuse, or near-duplicate branch construction.

	Prediction-derived target check
	Branches whose targets were generated from prior predictions or confirmation outputs were explicitly labelled prediction-derived.
	These branches were excluded from headline independent-transfer claims.

	R2 = 0.991 interpretation
	The all-track confirmation result was linked to related or prediction-derived settings rather than a clean independent context.
	Reported as model-capacity evidence only, not biological transfer evidence.



Table S9. Model-training and reproducibility configuration by model family.
	Model family
	Reproducibility configuration

	Interpretable grammar ladder (M01-M12)
	GC, length, local 6-mer, selected multi-6-mer, windowed, condition-gated, dynamic condition-weighted, and residual-rescue features. Main settings: kmer=6, select_top_char6=128, interaction_source_k=64, max_multi_interactions=512. Source-provided splits were retained where available; otherwise random or group shuffle splits used seed 42.

	Theory-proxy modules (P01-P05)
	Proxy matrices represented mutational-prior, selection-potential, latent/operator, observable-alignment, and uncertainty/acquisition roles using public-data target-bearing branches. Evidence class was assigned before interpretation. Primary evidence bootstrap used 1000 replicates where prediction summaries were available.

	External benchmark heads (B01-B08/B08B)
	Ridge alpha=1.0; ElasticNet alpha=0.001 and l1_ratio=0.15; Nyström components=256 and gamma=0.5; tree ensembles used 160 estimators, max_depth=18, and min_samples_leaf=3; histogram boosting used max_iter=220, learning_rate=0.06, max_leaf_nodes=31, and l2=0.01; MLP ceiling max_iter=100. Phase 5F bootstrap used 300 replicates.

	ATLAS-Evo nonlinear heads (N01-N09)
	ATLAS-Evo tree/boosting/MLP heads were fitted on grammar/proxy feature matrices. MLP confirmation used hidden_layers=[256,64], alpha=1e-4, learning_rate_init=0.001, max_iter=250, ensemble_n=3, and bootstrap=500. Related or prediction-derived runs were interpreted only as capacity evidence unless the branch satisfied independent/context criteria.





Figure S1. Linear/grammar and theory-proxy R2 matrix.



Figure S2. Group-level R² matrix. Text after each T-code indicates the plotted subgroup or condition: all = pooled track, basal = basal subset, diff. = differentiation subset, delta = perturbation/control response, and K562, AGS, HAP1 = cell-context branches. Full T-track definitions are provided in Table S1.

Figure S3. Nonlinear and ATLAS-MLP R2 matrix.
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