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Motivation Key Challenges

Gene tree discordance: Due to Incomplete Lineage Sorting (ILS) and Horizontal Gene Transfer (HGT), individual gene trees differ from the true species tree, a single-gene approach is

Species tree reconstruction from multiple genetic markers is fundamental to i
insufficient.

evolutionary biology.

Scalability: Existing methods, such as ASTRAL and concatenation-based maximum likelihood analysis (CA-ML), can be computationally slow on large datasets.

Modern datasets involve thousands of species and hundreds af genes, demanding Divide-and-conquer approaches: To handle datasets with thousands of species, divide-and-conquer methods break the problem into smaller tasks by dividing species into subsets,

_ reconstructing a subtree for each, and merging results using a supertree algorithm.
scalable algorithms.

Merging complexity: Prior divide-and-conquer approaches require solving NP-hard optimization during the merge step.

® Our Approach: SDSR

Main Advantages of SDSR

SDSR is a recursive spectral divide-and-conquer method. It uses the

Fiedler eigenvector of the averaged Graph Laplacian to bipartition h Theo I'Etlcal Gua ra ntEES
species into groups that correspond to disjoint clans in the species tree. Unlike prior IT'IEthDdS, SDSR FJFDCILIEES deterministic pﬂl"tltlﬂl’lS,

Our partitioning approach is consistent under enabling a provably correct and efficient merge step, no NP-hard
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e _ alignments K — o0, species assigned to the
L8 = —(48)°° 88 (45 g ; 6 Any existing species tree method (CA-ML, ASTRAL, etc.) can serve as

same partition correspond to clades in the i _
the base subroutine for reconstructing small subtrees.

where I is the identity matrix. A% is the diagonal degree matrix, and Sg is the -
: SRS o species tree,

similarity matrix for gene g.

SDSR is trivially parallelizable, independent subtree

AVERAGED LAPLACIAN

Assuming that all observed species are reconstructions can run on separate CPUs.

| K equidistant to their root, we prove that the : : :
iI—_ It Complexity reduction: SDSR reduces the dominant ML search
K- number of gene alignments K required to

complexity from O(m?n) to O(t - m - n), where m is the number
guarantee, with high probability, partitioning , , _
of taxa, n is the sequence length or number of sites, and 1 is the

The average over all K gene trees yields a single Laplacian whose Fiedler

correctness scales as O(m*).

eigenvector determines the bipartition.

recursion/partitioning threshold.

# The SDSR Algorithm, Three-Step Pipeline

Given K gene alignments for m species, SDSR recursively applies the following steps until each subset is below a size threshold T:

STEF 1 STEP 2 STEP 3

Partitioning & Add Outgroups Reconstruct Reroot & Merge
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Results

Evaluated on simulative datasets with ILS and HGT
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(Molecular Biology and Evolution, 2022 ) (Nature biotechnology, 2024)

SDSR matches ASTRAL accuracy with reduced runtime, where ASTRAL recovers the full trees. Qutperforms uDance, a divide-and-conquer approach, using fewer genes to reconstruct and guarantees recovery of a tree spanning all species.

Conclusions & Impact Key References
SDSR provides a principled, spectral approach to scalable species tree reconstruction that avoids NP-hard merging problems. (1]
Proven statistical consistency under the MSC model, with finite-sample guarantees for correct partitioning. E; ..
" Flexible design: works as a meta-algorithm that accelerates any existing species tree method (CA-ML, ASTRAL, etc.). (4]
" Enables reconstruction of phylogenies for thousands of species on modest computational resources. E |

Opens new directions for spectral methods in large-scale phylogenomics.
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