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The eye migration that characterizes flatfish cranial development 

provides a unique opportunity to study the molecular mechanisms 

underlying anatomical asymmetry. In a paper in Nature Genetics,  

Lü et al.1 (LEA) reported a comparative genomic assessment of flatfish 

asymmetry and claimed that the two major lineages (Pleuronectoidei 

and Psettodoidei) are polyphyletic, each evolving asymmetric bodies 

convergently from different symmetric ancestors (flatfish polyphyly 

(FP); Fig. 1b). Here we revisit this finding by analyzing three independ-

ent genome-scale datasets, including LEA’s, showing that support for 

FP results from a failure to accommodate lineage-specific variation 

in base composition. We also re-analyzed LEA’s genomic dataset to 

identify positively selected genes (PSGs) but using instead an inferred 

tree that groups flatfishes as monophyletic (FM), implying a single 

evolutionary origin of the asymmetric body plan (Fig. 1a). These results 

suggest a key evolutionary role of thyroid hormones (THs) and bone 

morphogenetic proteins (BMPs), bridging evidence from the fossil 

record2 and single-species molecular assays3.

Evolutionary nonhomogeneous processes leading to base com-

positional nonstationarity (BCNS) are a major source of phylogenetic 

error4,5. Unaccounted BCNS among carangarian lineages, a large clade 

that comprises flatfishes and their closest symmetrical relatives, has 

been shown to mislead phylogenetic inference, challenging the FM 

hypothesis4. We assessed the effects of BCNS in flatfishes by analyzing 

the following three genome-scale datasets: the LEA dataset (18 spe-

cies and 1,693 exon markers), a noncoding ultraconserved elements 

(UCE) dataset6 (45 species and 596 markers) and a newly generated 

exonic dataset7 (up to 389 species and 990 markers; Supplementary 

Note 1). We used the following two models of nucleotide substitution: 

a standard homogeneous model (HM) and a nonhomogeneous model 

(NHM8) that permits rate variation among lineages (Supplementary 

Information). Contrary to LEA, our results support the single-origin FM 

hypothesis (Fig. 1c and Extended Data Fig. 1). While both HM and NHM 

analyses using noncoding UCE data consistently resolve the FM tree 

(see also ref. 6), many HM analyses based on protein-coding sequences 

favor the FP topology. These results align with recent findings5, suggest-

ing that the effects of BCNS are more severe when using protein-coding 

markers than with introns or UCEs. Together, our analyses indicate that 

appropriate modeling of lineage-specific variations in protein-coding 

data is sufficient to favor the FM topology, reconciling the results 

obtained with coding and noncoding datasets.

LEA discussed additional morphological and molecular evidence 

to support their assertion that the flatfish cranial asymmetry has two 
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LEA identified a shared chromosome re-arrangement between 

Psettodoidei and two carangarian species that are also absent in Pleu-

ronectoidei. They interpreted this as supporting the polyphyletic origin 

of flatfishes. However, without comparisons involving noncarangar-

ian outgroups, we contend that their interpretation is susceptible 

to polarization issues. An equally plausible explanation is that this 

re-arrangement evolved within Pleuronectoidei after their split with 

Psettodoidei. Finally, LEA reported analyses based on relative evo-

lutionary rates and lineage-specific substitutions to support FP and 

explain the lesser degree of asymmetry found in Psettodes. We assert 

that pleuronectoid species exhibit rates overlapping with Psettodes, 

carangarians and outgroup species. Moreover, the inclusion of key 

species into the alignments reveals that many substitutions claimed 

to be pleuronectoid-specific are shared with at least one carangarian 

species. Consequently, these arguments should not be construed as 

evidence against FM (see details in Supplementary Note 4 and Extended 

Data Fig. 3).

independent origins. We argue that this is subject to interpretation 

and is inconsistent with other evidence from paleontology and com-

parative anatomy (Fig. 1b). The earliest definitive flatfish fossils are 

from the early Eocene of Bolca, Italy (ca. 48.5 Ma) and include the 

crown pleuronectoid †Eobothus minimus plus taxa interpreted as stem 

pleuronectiforms4†Amphistium paradoxum, †Heteronectes chaneti 

and, less certainly, †Anorevus lorenzonii2,9. In particular, †Amphistium 

and †Heteronectes show strong but incomplete orbital migration and 

are thus considered the link between flatfishes and their symmetrical 

relatives. Slightly older fossils (ca. 56 Ma) showing incomplete cranial 

asymmetry are reported in the literature but remain undescribed9. 

Morphologically, multiple anatomical synapomorphies support the 

FM hypothesis (for example, pseudomesial bar, orbital migration, 

recessus orbitalis and asymmetrical pigmentation)6, including traits 

that are unrelated to asymmetry (for example, axial and fin skeletons 

and otoliths; Fig. 1a)6 and therefore are less likely to have evolved via 

convergent evolution (see also ref. 10).
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Fig. 1 | Phylogenetic relationships, divergence times and support values  

for the two competing hypotheses. a, FM tree estimated using LEA’s  

dataset with ASTRAL under an NHM (GHOST) of nucleotide substitution  

(see Supplementary Note 2 for details on time calibration). b, FP tree illustrates 

the phylogenetic hypothesis and divergence times proposed by LEA.  

a,b, Branch and fish silhouette colors denote major flatfish (PLE and PST, green) 

and nonflatfish carangarian (black) clades. Color-coded squares at branches 

denote diagnostic characters defining flatfishes. Some diagnostic characters 

represent morphological features already identifiable in the earliest flatfish 

fossils, including AR (orbital migration) and NAR (supraneural reduction)2 traits. 

Further diagnostic characters shared between extant PLE and PST also include 

ARs (recessus orbitalis, pseudomesial bar and asymmetrical pigmentation) and 

NARs (for example, absence of supraneurals, dorsal-fin insertion above skull and 

depression on the inner face of saccular otolith)6. Full squares represent traits 

evolving under the single-origin assumption, and crossed squares represent 

traits evolving under the assumption of convergent evolution. c, Meta-table 

shows bootstrap support for the FM and FP hypotheses using different genomic 

data types, datasets, phylogenetic reconstruction methods and nucleotide 

substitution models (HM and NHM). Each row represents a different dataset 

or subset, and each column represents a different phylogenetic method and 

substitution model. Blue squares denote support for FM, and shades show 

bootstrap values (03100%); red squares indicate support for FP; white squares 

denote lacking analyses (statistically intractable; Supplementary Information). 

Coalescent analyses were run in ASTRAL using ML gene trees estimated 

with IQ-TREE (both HM and NHM) based on either the complete gene-tree 

topology or a less resolved topology after collapsing clades with low bootstrap 

support (<20%). Note that ASTRAL analyses based on our full exonic dataset 

produced contrasting results (analyses using collapsed gene trees support 

FM). Concatenation ML analyses were conducted in IQ-TREE (both HM and 

NHM). PST, Psettodoidei; PLE, Pleuronectoidei; AR, asymmetry-related; NAR, 

nonasymmetry-related, ML, maximum-likelihood.
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To investigate the presence of lineage-specific adaptations under 

the FM topology (Fig. 1a), we tested for positive selection among the 

1,693 orthologs identified by LEA using the aBSREL model of codon 

evolution11. We used the following two different foreground schemes 

(Supplementary Note 3 and Extended Data Fig. 2): (1) stem flatfishes, 

which aimed to detect genes responsible for the initial break of sym-

metry in the single branch leading to all extant flatfish species, and (2) 

crown flatfishes, which aimed to detect genes responsible for further 

adaptations experienced later in the flatfish radiation. We identified 

67 PSGs in the stem flatfish lineage, and 588 PSGs shared between Pset-

todoidei and at least one pleuronectoid lineage (Fig. 2a). Remarkably, 

15 (31%) and 162 (53%) of the lineage-specific PSGs that LEA reported 

using their FP topology for Pleuronectoidei and Psettodoidei, respec-

tively, are under positive selection in the crown flatfish lineage when 

analyzed using the FM tree (Fig. 2a). Although a scenario involving 

parallelism cannot be disregarded, such substantial overlap in PSGs 

provides additional corroboration for the single-origin hypothesis.

Gene Ontology characterization of PSGs revealed genes involved 

in the determination of left/right symmetry during embryonic develop-

ment (bmp4, mkks and flr) and components of several essential signal-

ing pathways responsible for tissue development and cell proliferation 

in stem flatfishes4BMP (bmp4), WNT (cxxc4, dcdc2b, carf, mkks and 

tinagl1), RA (asxl1), FGF (mil), NOTCH (dlk1, dlk2) and HOX (shox). 

Several of these are regulated by THs, which comprise a key signaling 

pathway that orchestrates vertebrate metamorphosis12. In flatfishes, 

the disruption of the thyroid axis with methimazole (MMI) inhibits 

asymmetric skull development by (1) reducing dermal cell proliferation 

in the subocular region and (2) ablating a TH-responsive asymmetric 

center, localized just ventral to the migrating eye and determined by 

deiodinase 2 (dio2) expression (Fig. 2b3f)3. While the mechanisms by 

which THs regulate dio2 asymmetric expression in teleosts remain 

elusive, in humans it is well known that dio2 expression is stimulated 

by the thyroid transcription factor-1 (TTF-1)13. TTF-1 is required for 

the preoptic region development in zebrafish14 and is differentially 

expressed in the metamorphosing head of the Atlantic halibut15. Nota-

bly, TFF-1 was also identified as a PSG in stem flatfishes when using the 

FM topology, a result not reported by LEA using their FP tree.

Another important developmental aspect involving the 

TH-responsive asymmetric center is that its ossification correlates 

with the origin of the pseudomesial bar. This bone structure has a 

central role in driving the complete eye migration, which is unique 

to crown flatfishes3. Apyrase treatment hinders eye migration in the 

metamorphosing Senegalese sole by inhibiting the heterotypic dermal 

ossification regulated by BMP3. Remarkably, apyrase-treated larvae 
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Fig. 2 | Hypothesized molecular mechanisms underlying flatfish asymmetric 

development. a, Upset plot comparing positively selected genes (PSGs) 

identified with aBSREL for the stem and crown (foreground) flatfishes using the 

FM tree (horizontal blue bars) and the PSGs reported by LEA for Pleuronectoidei 

and Psettodoidei using the FP tree (horizontal red bars). Black dots connected 

by black lines represent all existent dataset intersection combinations; vertical 

bars indicate the number of PSGs within a particular intersection. The substantial 

overlap (intersection size) of PSGs identified in the two major flatfish lineages 

and across different analyses suggests that Pleuronectoidei and Psettodoidei 

share the same molecular mechanisms of asymmetric development, 

ultimately corroborating the single-origin hypothesis. b3f, The suggested 

developmental model summarizes the hypothesized evolutionary mechanisms 

underlying flatfish asymmetric development2,3. b, Simplified representation 

of a Pleuronectoidei postmetamorphic juvenile highlighting the two major 

developmental events responsible for the eye migration4subocular dermal cell 

proliferation (purple) and the TH-responsive asymmetric center (green) that 

later develops into the pseudomesial bar3 (flatfish autapomorphy that frames  

the migrated orbit2). c, In postmetamorphic Psettodoidei, the position  

of the subocular dermal cell proliferation (dashed purple line) and the TH-

responsive asymmetric center (dashed green line) are inferred based on the 

presence of the pseudomesial bar and the complete eye migration in the adult, 

where migrating orbit eclipses the body mid-line2. d, Eye migration is entirely 

inhibited in the MMI-treated larvae due to the disruption of the thyroid axis3.  

e,f, Apyrase-treated larvae (e) have incomplete orbit migration caused by 

inhibition of the TH-responsive asymmetric center ossification3, closely 

resembling the primitive condition found in the earliest flatfish fossils that lack 

the pseudomesial bar (f)2. Note that TFF-1 (a transcription factor that regulates 

the TH signaling pathway) and bmp4 (involved in the heterotypic ossification of 

the TH-responsive asymmetric center and the origin of the pseudomesial bar) 

were identified as PSGs in our analyses using the FM topology, but not in LEA’s 

study using the FP topology. Fish illustrations are adapted from refs. 2,3.
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develop other indexes of metamorphic progressions, such as subocular 

dermal cell proliferation, closely resembling the primitive condition 

found in the earliest flatfish fossils that lack the pseudomesial bar 

(Fig. 2f)2,3. The accumulation of amino acid substitutions at the bmp4 

prodomain affects its regulation and has been identified as the major 

driver of craniofacial adaptations in African cichlids and Galapagos 

finches16. Contrary to the LEA findings, bmp4 is positively selected in 

stem flatfishes, suggesting that its regulation has a major role in the 

origin of the flatfish asymmetry.

Our findings reveal that improperly modeled genome-scale 

datasets are prone to phylogenetic biases, artificially supporting the 

dual-origin asymmetry hypothesis. Using the FM topology as the evolu-

tionary framework, our results bridge evidence from the fossil record2 

and single-species molecular assays3, suggesting that the molecular 

basis of the complex phenotypic modifications in flatfishes may involve 

an intricate interaction between THs and many important develop-

mental pathways. These results ultimately underscore the importance 

of accounting for topological uncertainty and model violations in 

phylogenetically informed comparative genomic analyses.
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maries, source data, extended data, supplementary information, 

acknowledgements, peer review information; details of author contri-
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Extended Data Fig. 1 | Species tree for Carangaria estimated with ASTRAL-III. 

 Species tree for Carangaria estimated with ASTRAL-III using gene trees with 

weakly supported nodes (bootstrap values [BS] <20%) collapsed into polytomies 

to reduce the effects of gene-tree error. Gene trees were estimated using IQ-TREE 

(HM; GTR + G) based on newly sequenced data that covers 990 loci and 389 

species. Collapsing gene-tree branches with low support helped reduce the 

negative effects of gene-tree estimation error, successfully resolving flatfish 

monophyly (FM [BS 76%]; green arrow) using the complete dataset. Tree files with 

tip labels and support values are available from the Figshare digital repository.

http://www.nature.com/naturegenetics
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Extended Data Fig. 2 | Schematic representation of the two alternative 

foreground schemes used to identify positively selected genes in flatfishes 

using the aBSREL model in HyPhy. a, Stem flatfishes, which aimed to detect 

genes responsible for the initial break of symmetry in the single branch leading 

to all extant flatfish species. b, Crown flatfishes, which aimed to detect genes 

responsible for further adaptations experienced later in the flatfish radiation.

http://www.nature.com/naturegenetics
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Extended Data Fig. 3 | Amino acid alignments highlighting substitutions (in 

purple) claimed to be Pleuronectoidei-specific by LEA1. By adding sequences 

from Psettodes and other non-flatfish carangarians into the alignments, we show 

that three out of the four Pleuronectoidei-specific substitutions discussed by 

the authors are in fact shared with Psettodoidei or other non-flatfish carangarian 

species. These include two missense substitutions in the musculature 

development-related gene sgca, which the authors suggest is related to the 

formation of the flat phenotype. Both substitutions are shared with Polydactylus 

sextarius, a symmetrical carangarian species, and, therefore, may not necessarily 

explain the evolution of the flatfish thin musculature. The hoxd12a substitution 

is shared between Pleuronectoidei and Psettodoidei. This gene is involved in 

the development of the flatfish dorsal fin, an important locomotion adaptation 

that improves their maneuverability in the benthic environment, and that may 

provide additional evidence for the single origin of the asymmetric body plan.

http://www.nature.com/naturegenetics
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