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Abstract.—Resolving phylogenetic relationships among taxa remains a challenge in the era of big data due to the presence 
of genetic admixture in a wide range of organisms. Rapidly developing sequencing technologies and statistical tests enable 
evolutionary relationships to be disentangled at a genome-wide level, yet many of these tests are computationally intensive 
and rely on phased genotypes, large sample sizes, restricted phylogenetic topologies, or hypothesis testing. To overcome 
these dif
culties, we developed a deep learning-based approach, named ERICA, for inferring genome-wide evolutionary 
relationships and local introgressed regions from sequence data. ERICA accepts sequence alignments of both population 
genomic data and multiple genome assemblies, and ef
ciently identi
es discordant genealogy patterns and exchanged 
regions across genomes when compared with other methods. We further tested ERICA using real population genomic data 
from Heliconius butter�ies that have undergone adaptive radiation and frequent hybridization. Finally, we applied ERICA 
to characterize hybridization and introgression in wild and cultivated rice, revealing the important role of introgression in 
rice domestication and adaptation. Taken together, our 
ndings demonstrate that ERICA provides an effective method for 
teasing apart evolutionary relationships using whole genome data, which can ultimately facilitate evolutionary studies on 
hybridization and introgression. [Convolutional neural network; deep learning; evolutionary relationship; hybridization; 
introgression.]

Resolving the relationships among taxa is one of the 
fundamental tasks in evolutionary biology. The phy -
logenetic tree model with the assumption of strict 
bifurcation has been widely used for representing spe-
cies’ evolutionary history, allowing occasional discor -
dance led by incomplete lineage sorting (ILS) or gene 
�ow after divergence ( Pamilo and Nei 1988; Currat 
et al. 2008). Accordingly, several computational algo -
rithms using genetic distance, maximum likelihood, or 
Bayesian methods have been applied to phylogenetic 
reconstruction based on alignments of orthologous 
genes or regions (Yang and Rannala 2012). However, 
a growing body of literature suggests that genomic 
signatures of hybridization, the process of interbreed -
ing, may be more common than expected and have 
signi
cantly shaped the tree of life ( Rieseberg 2019). 
The complex roles of hybridization, which may either 
accelerate or hinder speciation, or fuel adaptation by 
providing additional variability relative to new muta -
tions and standing variations, have attracted consid-
erable attention from evolutionary biologists ( Arnold 
2004; Mallet 2005; Hedrick 2013). Thus, assessing the 
complex relationships among species with widespread 

genetic admixture remains a challenging task, which 
leads to the assumption that strict divergence does not 
satisfactorily represent the full evolutionary history of 
an organism.

Accompanying rapid developments in sequencing 
technologies, a variety of algorithms have been devel-
oped and applied to whole genome sequencing data for 
demography inference, and genome-wide patterns of 
admixture have been characterized in different organ -
isms, such as bene
cial alleles shared between crops 
and wild relatives ( Stewart et al. 2003), adaptive intro -
gression between archaic and modern humans (Racimo 
et al. 2015) and pervasive hybridization during diversi -

cation of Heliconius butter�ies ( Edelman et al. 2019). To 
summarize, these algorithms fall into four categories: 1) 
depicting an overall demographic pattern of admixture 
instead of capturing local patterns by testing coales-
cent models using maximum likelihood or Bayesian 
methods such as G-PhoCS (Gronau et al. 2011), Treemix 
(Pickrell and Pritchard 2012) and PhyloNet (Than et al. 
2008); 2) comparing scales of linkage disequilibrium by 
detecting the structure of haplotypes from 
ne-scale 
and suf
cient genomic data such as HAPMIX ( Price 
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F���
� 1.   ERICA design principles, model architecture, and training. a) The �ow diagram of ERICA model training, testing, and applying 
on simulated and real data. In brief, different simulated datasets were used to train the CNN, and the accuracy of topology inference and 
introgression detection was evaluated. The trained models were used in the analyses of real genomic data. b) Illustration of the main part of 
the ERICA pipeline. The multiple sequence alignment (MSA) data were 
rst split into 5-kb windows and then encoded in a one-hot form. A 
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