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SUMMARY
Lungfishes are the closest extant relatives of tetrapods and preserve ancestral traits linked with the water-to-
land transition. However, their huge genome sizes have hindered understanding of this key transition in evolu-
tion. Here, we report a 40-Gb chromosome-level assembly of the African lungfish (Protopterus annectens)
genome, which is the largest genome assembly ever reported and has a contig and chromosome N50 of
1.60 Mb and 2.81 Gb, respectively. The large size of the lungfish genome is due mainly to retrotransposons.
Genes with ultra-long length show similar expression levels to other genes, indicating that lungfishes have
evolvedhigh transcription efficacy to keepgeneexpressionbalanced. Togetherwith transcriptomeandexper-
imental data, we identified potential genes and regulatory elements related to such terrestrial adaptation traits
as pulmonary surfactant, anxiolytic ability, pentadactyl limbs, and pharyngeal remodeling. Our results provide
insights and key resources for understanding the evolutionary pathway leading from fishes to humans.
INTRODUCTION

The continuous increase in the oxygen content of the Earth’s

atmosphere during the Paleozoic era created conditions for the
1362 Cell 184, 1362–1376, March 4, 2021 ª 2021 Elsevier Inc.
emergence of terrestrial animals (Hsia et al., 2013). After the

ancestor of bony fishes first showed the ability to respire air (Bi

et al., 2021; Liem, 1988), the ancestors of tetrapods successfully

moved onto land. The water-to-land transition of vertebrates
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Table 1. Assembly statistics and BUSCO assessment of the African lungfish genome

Genome assembly Number of sequences Total length (bp) N50 (bp) N90 (bp) Longest (bp) Percent of gaps

Contigs 74,217 39,061,217,646 1,603,990 329,778 17,525,427 -

Chromosomes 17 39,928,011,021 2,813,524,174 1,371,727,335 5,260,428,656 2.49%

Unplaced 12,640 126,313,591 10,894 5,905 346,105 0

Total 12,657 40,054,324,612 2,813,524,174 1,371,727,335 5,260,428,656 2.48%

BUSCO assessment Total Complete

Complete and

single-copy

Complete and

duplicated Fragmented Missing

tetrapoda_odb9 3,950 3,633 (92.0%) 3,514 (89.0%) 119 (3.0%) 154 (3.9%) 163 (4.1%)

vertebrata_odb9 2,586 2,468 (95.4%) 2,411 (93.2%) 57 (2.2%) 61 (2.4%) 57 (2.2%)
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required the evolution of a series of body innovations (Ashley-

Ross et al., 2013). The respiratory, sensory, locomotory, circula-

tory, and other systems had to be remodeled for terrestrial

adaptation (Long and Gordon, 2004). In recent decades, paleon-

tological studies have led to a progressive clarification of the pro-

cess by which vertebrates emerged onto land (Clack, 2012). As

an important complementary approach, a study of comparative

genomics in tetrapods and their living sister lineages would pro-

vide pivotal perspectives to reveal the transition process and un-

derlyingmolecular mechanisms. Tetrapods are nested within the

tetrapodmorphs, one of the three living sarcopterygian (lobe-

finned fish) lineages that also include coelacanths and lungfishes

(Lu et al., 2012). Lungfishes, as the closest living relative of tetra-

pods, highlight ancestral state of the lobe-finned fishes that have

remained in the water (Amemiya et al., 2013), representing a

bridge to understanding the genetic basis and evolutionary pro-

cess of these transitions. However, the large size of lungfishes’

genomes, ranging from 40–130 gigabases (Gb) (Metcalfe et al.,

2012), has posed a huge challenge in relevant studies. In this

study, we successfully obtained a 40-Gb chromosome-level

genome assembly with a high level of completeness and conti-

nuity for the African lungfish (Protopterus annectens) and con-

ducted systematic analysis, from genomic sequences, expres-

sion profiles spanning most tissues, to experimental validation

of some genes and regulatory elements, in order to explore the

evolutionary genetic process from water to land �420 million

years ago (Ma) (Zhu et al., 2009).

RESULTS

Chromosome-level assembly
From Kmer analysis with short reads (Figure S1A) and flow cy-

tometry (Figure S1B), the size of the African lungfish genome is

estimated to be around 40 Gb. We sequenced long reads

(�503 coverage, N50 read length 28.48Kb) using Oxford nano-

pore sequencing technology (ONT) (Figure S1C; Table S1). Com-

bined with short-reads sequencing, optical maps, and Hi-C

technology, we got a chromosome assembly with 17 chromo-

somes (Figure S1D), ranging from 862 Mb to 5.28 Gb, and

12,640 small unplaced scaffolds (totally, 126 Mb). The final

length of the assembly is 40.05 Gb, with an N50 of 2.8 Gb

(Table 1). The number and length of the assembled chromo-

somes are consistent with the lungfish karyotype (Figure S1E)

(Suzuki and Yamanaka, 1988). More than 97.3% and 95.2% of
the genomic regions could be covered 20-fold by long and

short reads, respectively (Figure S1F). In addition, for the short

pair reads, 96.6% of them could be properly paired, indicating

a high level of continuity of the assembly. A total of 178

ultra-conserved elements (UCEs) across bony fishes were then

used to assess the completeness of the assembly, and 171

(96.07%) of them could be aligned to the assembly. By compar-

ison, 169 and 158 could be aligned to the coelacanth (Amemiya

et al., 2013) and axolotl (Nowoshilow et al., 2018) genomes.

We further sequenced 120 Gb of PacBio full-length cDNA data

and 227Gb of short-reads RNA sequencing (RNA-seq) data from

14 samples of two individuals and assembled them into tran-

script datasets, including 150 kilo and 4.1 million transcripts

from full-length and short reads RNA-seq, respectively (Table

S1). Based on the transcript dataset and homologous proteins

of vertebrates, we identified 19,457 protein-coding genes in

the genome, containing 95.4% of complete conserved orthologs

within vertebrates and 92.0% of complete conserved orthologs

within tetrapods, based on BUSCO analysis (Table 1) (Seppey

et al., 2019). The similar numbers of genes and Ks distribution

between the lungfish and coelacanth/axolotl/frog (Figure S1G;

Table S2) suggest that there has been no recent whole genome

duplication (WGD) other than the shared two rounds of WGD

from the ancestral vertebrates, and the expansion of transpos-

able elements (TEs) is likely to have been the dominant force re-

sulting in the large genome size in the African lungfish, as we

shall show below. We then identified 11,837 1:1 orthologous

genes between the lungfish and western clawed frog (Hellsten

et al., 2010), which has high quality of chromosome-level

genome assembly to examine the chromosomal relationship be-

tween the two species. A synteny plot reveals that the homolo-

gous chromosomal segments of the two species can be clearly

identified (Figure 1A).

The phylogenetic relationship reconstructed from 5,149 1:1

orthologous genes in eight vertebrate species confirmed that

the lungfishes are the closest sister lineage to tetrapods (Fig-

ure 1B). Although the bootstrap value of the concatenated

gene trees receives 100% support, there exists extensive het-

erogeneity in the topologies of single gene trees (Figure S1H),

indicating some extent of incomplete lineage sorting during early

divergence of lobe-finned animals. The time of divergence of

lungfishes and tetrapods is estimated to be 419 Ma (Figure 1B),

about the beginning of the Devonian period. Through inference

of recent demographic history, we found that the population of
Cell 184, 1362–1376, March 4, 2021 1363
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Figure 1. Chromosome-level genome assembly and evolutionary history of the African lungfish

(A) Synteny alignment of the African lungfish (P. annectens) and the western clawed frog. The numbers 1 to 17 refer to the chromosomes of the sequenced African

lungfish and the bottom dark green circle refers to the chromosomes of western clawed frog. The densities of coding sequences (ranging between 0% to 0.3%)

and different types of repeat sequences (with a range from 0% to 80%) in African lungfish are shown in the outer rims with a window size of 10 Mb.

(B) Phylogenetic relationships of the African lungfish and tetrapods. The numbers labeled on the tree refer to the estimated divergence time, and the gray

rectangle on each node shows the 95% confidence interval.

(C) Recent population demographic history of the African lungfish and hydrological changes in the Limpopo catchment. The dark and light blue lines refer to the

effective population sizes of two individuals, and the orange or green background refers to dry or wet periods of Limpopo catchment.

See also Figure S1.
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this African lungfish experienced a rapid decline around 1 Ma

(Figure 1C), consistent with a previous study that reported a

long-term period of aridification in the Limpopo catchment of

South Africa, which is an important habitat for the African lung-

fish, in the past 1 Ma (Caley et al., 2018). We also re-sequenced

another lungfish individual and validated the demographic dy-

namics result.

Genome expansion
The expansion of the lungfish genome sizewas causedmainly by

proliferation of TEs. A total of 61.7% of the lungfish genome was

annotated as repeated sequences, representing 24.7 Gb (Fig-

ure 2A). Around 15 Gb of the entire genome was annotated as

neither functional nor repeat sequences. These regions are

most likely to represent an ancient burst of transposition fol-

lowed by a long period of degeneration, resulting in very large

numbers of unique sequences, a so-called ‘‘cemetery of TEs’’

(Sirijovski et al., 2005). The most abundant TE types are long

interspersed nuclear elements (LINEs, 11.5 Gb), long terminal re-

peats (LTRs, 7.7 Gb), and DNA transposons (3.7 Gb). Among

them, LINE/CR1 (7.8 Gb) and LTR/DIRS (6.1 Gb) are the two sub-

classes forming the highest proportion. We then estimated his-

torical TE expansion activity by analyzing the Kimura distance

(Chalopin et al., 2015), and the results suggest that TEs, espe-

cially retrotransposons, have been active within the last 70
1364 Cell 184, 1362–1376, March 4, 2021
million years (Myr) (Figure S2A). The recent activity of these

TEs accounts for 5.9 Gb, with a peak expansion rate of 433

Mb per Myr, indicating that the genome size of the African lung-

fish has gradually increased over the past hundred Myr, consis-

tent with previouswork showing gradual increase in cell size over

the Phanerozoic (Thomson, 1972).

Theconstant insertionof TEsmayhave impact ongenomecon-

tent andgene regulation. Themean andmedian intron lengths are

very long in the African lungfish, and almost 16 Gb of the genome

are intronic regions. The longest gene in the lungfish is 18 Mb,

much longer than the ones in axolotl (6.7 Mb) and human

(2.5 Mb). There are only 91 genes longer than 1 Mb in the human

genome,butmore than5,000 in the lungfish. In contrast, themean

exon number and exon length are similar in the lungfish and other

vertebrates, andspecies-specificgene family expansion in theAf-

rican lungfish is at a similar level toother vertebrates (TableS2). By

inspecting transcriptome data, we found that there is no obvious

correlation between gene expression level and gene length; even

genes with length greater than 1 Mb exhibit similar expression

levels to those of other shorter genes (Figure S2B).We also found

that changes in gene lengthdidnot have anygreat impact ongene

expression in the African lungfish when compared to other spe-

cies (FigureS2C). These results indicate that transcriptionefficacy

for extra-long genes might have improved in the lungfish in order

to keep gene expression balanced.
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Figure 2. Independent genome expansion and enhanced TE repression in the African lungfish

(A) The African lungfish and axolotl show great differences in the composition of repetitive sequences. The coordinates represent the ratio of each category to the

total length of the corresponding genome assembly.

(B) The lengths of gene intervals and introns in the Hoxa cluster increase independently in different species.

(C) The numbers of the domain RVT_1 and KRAB are positively correlated with genome sizes. The number at the right of the lineage name refers to the number of

species in this lineage.

(D) The relationship between the increment of intron length and the number of the domain RVT_1 in the African lungfish.

(E) The increments of intron sizes are positively correlated in the African lungfish and the axolotl.

(F) The increments of intron sizes of the African lungfish are positively correlated with initial intron length.

(G) The expansion rate of intron sizes of the African lungfish is negatively correlated with initial intron length.

See also Figure S2.
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The TE content of the African lungfish is very different from the

case of the axolotl assembly, whose genome size is 32 Gb (Fig-

ure 2A). Consistently, their domain contents are also different
(Figure S2D). When we take a closer look at the distances be-

tween different genes of the Hoxa gene cluster, it is clear that in-

tergenic/intronic elongation occurred independently in the
Cell 184, 1362–1376, March 4, 2021 1365
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African lungfish and the axolotl because they were caused by

proliferation of different types of TEs (Figure 2B). These observa-

tions are consistent with previous comparative phylogenetic

analysis showing that their genome sizes were increased inde-

pendently (Organ et al., 2016). Despite their independent

genome expansion, both the African lungfish and the axolotl

have an enormous number of the domain RVT_1 (Figure 2C), en-

coding reverse transcriptase, which is always carried by retro-

transposons. The number of RVT-1 has a positive correlation

with the genome size in 266 vertebrates (Table S3), with more

than 5.2 million in the African lungfish and only 61,631 in the

mouse, implying that the retrotransposon is a main driver of

genome amplification. These RVT_1 domains were found to be

broadly distributed throughout the African lungfish genome (Fig-

ure S2E), implying that the accumulation process had continued

for a long time.

We then investigated genome expansion across species by in-

specting the intron length of orthologous genes. First, we

observed that the increment of intron length of lungfish genes

is linearly correlated with the number of RVT_1 domain (Fig-

ure 2D), reflecting the important role of retrotransposons in the

genome expansion. Second, we observed that the increment

of intron length in the African lungfish is positively correlated

with that of the orthologous genes of axolotl (Figure 2E), indi-

cating that longer introns have accumulated more TEs. Consis-

tently, we observed a positive correlation between the increment

of intron length and the initial intron length (Figure 2F). However,

the genes with longer initial intron length tend to have smaller

expansion rate (Figure 2G), although their absolute increments

are larger (Figure 2F), indicating the selection against extreme

extension of gene length.

Previous studies have proposed that the red queen hypothesis

may explain the relationship between TE activity and repression

strategies (Bruno et al., 2019; McLaughlin and Malik, 2017;

Rogers et al., 2018). We detected 16,826 domains in 40 verte-

brate species based on PFAM-A database (El-Gebali et al.,

2019). Among them, only 54 domains have significant positive

correlation between the domain counts and genome sizes (Table

S4). Twelve of the 54 domains have count larger than 1,000 in the

African lungfish. Seven of the 12 domains are associated with

TEs, three are zinc-finger protein domains, one is the Filament

domain, and one is the KRAB domain. Interestingly, the KRAB

domain and one of the zinc-finger protein domains (zf-C2H2)

together form the Kruppel-associated box zinc-finger proteins,

which had been proved to play an important role in the silencing

of transposable elements in embryonic stem cells (Imbeault

et al., 2017). Moreover, the lungfish has the highest number of

KRAB domains in 266 vertebrates analyzed (Figure 2C; Table

S3), and the genes containing KRAB domains (KZFPs) also

tend to be highly expressed in the ovary of the lungfish (Fig-

ure S2F). This is largely different from the expanded gene fam-

ilies containing RVT_1 that tend to have a low expression level

in all tissues including ovary (Figure S2F). This suggests that

the red queen hypothesis might hold true for the case of lung-

fishes because more KRAB domain and high expression of

KRAB-domain-containing genes have evolved in the lungfish,

possibly to repress TE activity. Taken together, the above results

indicate that the African lungfish genome has a sloppy efficacy of
1366 Cell 184, 1362–1376, March 4, 2021
dismissing junk DNAs while it has evolved higher TE repression

and long gene transcription ability.

Ancestral karyotype of bony fishes
By using chromosome information from six species, including

white-spotted bamboo shark (Zhang et al., 2019), bichir (Bi et

al., 2021), spotted gar (Braasch et al., 2016), African lungfish

(P. annectens), western clawed frog (Hellsten et al., 2010), and

chicken (Warren et al., 2017), representing major lineages of ver-

tebrates, a total of 32 proto-chromosomes were reconstructed

(Figure 3A; Table S5) for the last common ancestor (LCA) of

bony fishes, which is consistent with a previous estimation (Na-

katani et al., 2007). While two fission events were observed from

the LCA of bony fishes to the LCA of ray-finned fishes (Table S5),

nomajor chromosomal fusion/fission event was observed during

the evolution from the LCA of bony fishes to the LCA of tetrapods

(Figure 3A).

In addition, we noticed that the proto-chromosomes 11-20

and 13-28 should have been fused independently in the lungfish

and spotted gar because they are not fused in chicken, frog, bi-

chir, or shark (Figures 3B and 3C). Similar independent fusions

are also observed between the spotted gar and the western

clawed frog, and between the lungfish and the bichir (Figures

S3A and S3B; Table S5). The presence of shared fusion events

in different lineages suggested that the chromosome fusion

events might be correlated with certain characteristics of the

proto-chromosomes themselves.

Evolutionary analyses on highly conserved elements,
genes, and specifically expressed genes from bony
fishes to tetrapods
We identified highly conserved elements (HCEs) in different line-

ages of bony fishes by using 12 species’ genomes, including

cartilaginous fishes, ray-finned fishes, and sarcopterygians. A

total of 2,157, 1,191, and 4,916 HCEs were found to be gained

by the CA of sarcopterygians, lungfish-tetrapods, and tetrapods,

respectively. Besides, 388, 559, and 394 HCEs were lost in the

CA of sarcopterygians, lungfish-tetrapods, and tetrapods,

respectively, but are present in cartilaginous fishes and ray-

finned fishes. These HCEs contain both conserved non-coding

elements (CNEs) and coding elements. Moreover, from the tran-

scriptomes of 220 samples of nine tissues of five species,

including alligator gar, bichir, lungfish, frog, and mouse (Bi et

al., 2021), we observed that 40 genes experienced expression

pattern alternation in tissue specificity among tetrapods, lung-

fishes, and ray-finned fishes (Table S6). The most significant

cases of these HCEs and specifically expressed genes will be

discussed in the following sections.

Evolution of the respiratory system
Pulmonary surfactants are considered critical for lung evolution

(Liem, 1988). They can reduce the surface tension of pulmonary

alveoli and facilitate the expansion and contraction of the lungs

during respiration. A previous study suggested that the choles-

terol/phospholipid ratio (mg/mg) in surfactants is much higher

in ray-finned fishes (�0.2–0.27) than in African lungfishes and

tetrapods (�0.05–0.075) (Daniels and Orgeig, 2003). The role of

cholesterol is subtle, in that it can confer the correct fluidity
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See also Figure S3 and Table S4.
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and viscosity upon pulmonary surfactant (Orgeig and Daniels,

2001), while an excess of cholesterol inhibits surfactant function

(Leonenko et al., 2007). To alleviate this conflict, the surfactant

protein C (SP-C) is helpful in sustaining the presence of choles-

terol in surfactant without functional impairment (Gómez-Gil

et al., 2009; Roldan et al., 2016). The gene Sftpc, which encodes

SP-C, was found to be originated via duplication, since the

MRCA of sarcopterygians and then further duplications resulted

in three copies in the African lungfish (Figure 4A). Our in situ

hybridization results show clear evidence that they are indeed

expressed in lungs of lungfishes (Figure 4B) and thus may func-

tion in regulating pulmonary surfactant.

In linewith the newly evolvedSftpc genes, there are three genes

that are highly expressed in the lungs of African lungfishes, African

clawed frog, and mouse, but not the swim bladders of bichir and

alligator gar, and are all functionally related to pulmonary surfac-

tants. One of them (Figure S4A), Slc34a2, has a key role in trans-

porting phosphate released fromphospholipids during pulmonary

surfactant recycling (Izumi et al., 2017). Our in situ hybridization re-
sults confirm that Slc34a2 is barely expressed in the swim blad-

ders of ray-finned fishes but is highly expressed in the lungs of

lungfish and tetrapods (Figure 4C). Previous studies suggested

thatSlc34a2was expressed in the intestine and kidney of teleosts

to increase phosphorus utilization efficiency (Chen et al., 2016,

2017). The recruitment of Slc34a2 into the lungs of sarcoptery-

gians could meet the greater demand for pulmonary surfactants.

The other two lung highly expressed genes (Figure S4A), Nkx2-1

and Nrp1, are associated with the upregulation of pulmonary sur-

factants (Attarian et al., 2018; Joza et al., 2012). We identified a

sarcopterygians-specific CNE located upstream of Nrp1 (Fig-

ure S4B). Our in vitro reporter assay experiment indicates that

the CNE has enhancer activity (Figure S4C), which might have

changed the expression pattern of theNrp1 gene from the actino-

pterygians to sarcopterygians. Taken together, the emergence of

Sftpc and enhanced ability for pulmonary surfactant recycling

might have contributed to the comparable pulmonary oxygen

diffusing capacity between the African lungfishes and amphibians

(Jorgensen and Joss, 2011).
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Further alternations of pulmonary surfactant proteins are

found in the lineage leading to the LCA of tetrapods. In the rest

members of the surfactant proteins (SPs), Sftpb, encoded SP-

B, is the most ancient member of the family; it is present in all

bony fishes but absent in cartilaginous fishes (Figure S4D). We

observed that while the Sftpb gene is specifically expressed in

lungs of tetrapods, it tends to bemore broadly expressed in mul-

tiple tissues of ray-finned fishes and lungfishes (Figure S4E). The

hydrophilic surfactant proteins SP-A and SP-D are mainly

involved in the pulmonary innate host defense system (Haags-

man and Diemel, 2001). We observed that the SP-A and SP-D

encoded genes originated from duplications of the Mbl2 gene

since the LCA of tetrapods (Figures 4D, S4F, and S4G). In addi-

tion, previous studies have indicated that the Foxp1/2 transcrip-

tion factors are essential in lung development (Shu et al., 2007).

We observed two sarcopterygian-specific CNEs and a tetrapod-

specific CNE located in the intron region of the gene Foxp1 (Fig-

ure 4E), and a tetrapod-specific CNE proximal to the Foxp2 (Fig-

ure 4F). Results from our reporter assay suggest that these CNEs

have potential enhancer activity (Figure 4G).

All these results suggest a conjecture that the evolution of lung

respiratory capacity might have taken place in three steps. The

first step was that the common ancestors of bony fishes already

had an initial air-breathing ability as revealed by Liem (1988) and

(Bi et al. 2021), which is also corroborated by the presence of

Sftpb in all bony fishes as observed in this study. The second

step was an increase in air breathing capacity through such ge-

netic innovations as the emergence of Sftpc and CNEs proximal

to Foxp1 in the LCA of sarcopterygians. The third step might

have resulted from further genetic innovation, including the

appearance of Sftpa, Sftpd, and CNE proximal to Foxp2,

providing the last critical basis for the advanced respiratory sys-

tem in the tetrapod lineage.

Origin of pentadactyl limb and terrestrial locomotion
The appearance of five digits is the hallmark event in vertebrates’

water-to-land transition (Clack, 2009). Previous studies indi-

cated that Hoxa13 and Hoxd13 are essential for digit morpho-

genesis (Zákány and Duboule, 1999). The exclusive expression

of Hoxa11 and Hoxa13 in tetrapod limbs (Davis et al., 2007),

while they have largely overlapping expression in fins (Metscher

et al., 2005), may play a pivotal role in this process (Kherdjemil

et al., 2016). Interestingly, we observed a tetrapod-specific

CNE with a length of 67 bp, located 200 bp upstream of
Figure 4. Evolution of the lung respiratory functions in sarcopterygian

(A) Bayesian tree of Sftpc genes in Sarcopterygians. The numbers at each node

(B) Results of in situ hybridization analysis of the Sftpc genes in the lung of the Af

designed specific probe for each copy to detect the expression signals (red) of t

(C) Results of in situ hybridization analysis of Slc34a2 in the lungs of mouse and A

has two copies of Slc34a2, and we designed two specific probes for them. The

(D) Origin of the Sftpa andSftpd genes from tandem duplication ofMbl2 in the LCA

arrows, with arrows to the right representing the forward strand and arrows to th

(E–F) Four CNEs in the intronic regions of Foxp1 and Foxp2, which are indicated

(G) Results of reporter assays suggest that the CNEs in the intronic regions of Fox

the left panel, the three CNEs of mouse and the two CNEs of the African lungfish w

test and data are represented as mean ± SEM.

See also Figure S4.
Hoxa11 (Figure 5A), which overlaps with the antisense tran-

scripts Hoxa11as204 and Hoxa11as205. A previous study sug-

gested that the expression pattern of Hoxa11as205 is respon-

sible for the exclusive expression of Hoxa11 and Hoxa13 and

contributes to the transition from polydactyl limbs to a pentadac-

tyl limb (Kherdjemil et al., 2016). Our results support this infer-

ence, and this tetrapod-specific CNEmay be a key genetic inno-

vation for the origin of the pentadactyl limb.We then investigated

this CNE in different tetrapod lineages (Table S7). While it is

highly conserved across amphibians, crocodiles, turtles, and

mammals, it is considerably altered in the genome of snakes

and birds (Figure 5B), which further suggests that it might be

related to the origin of digits.

The fin-to-limb transition resulted in the three parts of tetrapod

limbs, which, from proximal to distal, are the stylopod, zeugopod,

and autopod. Two ancient actinotrichia proteins (encoded by

and1/2 and and3) were found to be crucial for the fin-to-limb tran-

sition by determining the fate of apical ectodermal ridge (AER)

(Zhang et al., 2010), and interestingly, while the coelacanths

have both copies, the lungfish has only one (and1/2), and tetra-

pods have lost both (Figure S5A). The progressive loss of actino-

trichia proteins had been hinted by transcriptome data (Biscotti

et al., 2016) and is now validated by our genome data. This finding

is consistentwith previous observations that radius is also present

in modern and fossil lungfish (Johanson et al., 2007; Jude et al.,

2014). In addition, we found that about 40 continuous amino acids

(AAs) at the beginning of Hoxb13 are highly conserved in non-

tetrapod vertebrates, while they have been lost in tetrapods (Fig-

ure 5C). A previous study showed that this gene is expressed in

the distal mesenchyme of developing hind limbs (Carlson et al.,

2001). The alteration of Hoxb13 at the protein level might be

related to the fin-to-limb transition.

Aside from changes in morphogenesis, the tetrapods require

their axons, especially motoneurons, to leave the cord to inner-

vate the muscles of the limbs. The axons to and from the fore-

limbs produce cervical enlargement, while the axons to and

from the hind limbs/tails provide lumbar enlargement (Butler

and Hodos, 2005). Hoxc10 and Hoxd10 have been proved to

play key roles in establishing the lumbar motoneuron columnar,

divisional, andmotor pool identity in mouse (Wu et al., 2008). The

two tetrapod-specific CNEs (Figure 5D) located upstream (3 Kb

and 2.5 Kb) ofHoxc10may be related to terrestrial locomotion of

tetrapods, and our reporter assay shows that they are candidate

enhancers (Figure S5B).
s

refer to the corresponding supporting probability in percentage.

rican lungfish. There are three copies in the lungfish Sftpc gene family, and we

he three genes.

frican lungfish and swim bladders of alligator gar and zebrafish. The zebrafish

red regions indicate the expression of these genes.

of tetrapods. The relative positions of genes on chromosomes are indicated by

e left representing the reverse strand.

by different colored triangles, using human (GRCh38) as references.

p1 and Foxp2 could significantly improve the expression level of luciferases. In

ere connected, respectively, for testing. Significance was tested by Student’s t
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Figure 5. The CNEs potentially related to the origin of digits and other changes related to terrestrial locomotion
(A) VISTA sequence conservation plot of the tetrapod-specific CNE around Hoxa11, using human (GRCh38) as a reference. Ex1: exon1 of Hoxa11; Ex2: exon2 of

Hoxa11. The two antisense RNAs that overlap with this CNE are indicated with green lines.

(B) Sequence alignment shows that the tetrapod-specific CNE was changed specifically in Serpentes and Aves. The list of species used here is in Table S7.

(legend continued on next page)
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See also Figure S5.
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Potentially enhanced anxiolytic ability
One of the well-known changes that occurred within the brain

during vertebrate water-to-land transition is in the limbic system,

in which the basic subdivisions and connections of the amygdala

are established in tetrapods (Bruce and Neary, 1995) and

perhaps also in lungfishes (González and Northcutt, 2009; North-

cutt, 2009). Through a genome-wide scan, we identified two new

genes,Npsr1 andNps, that appeared in the lineage of the LCA of

lungfishes and tetrapods (Figure 6A). These two genes encode

Neuropeptide S receptor (NPSR) and Neuropeptide S (NPS),

respectively, which can promote arousal and anxiolytic-like ef-

fects (Xu et al., 2004), moderate stress processing, and increase

synaptic inhibition in the amygdala (Dannlowski et al., 2011;

Medina et al., 2014; Streit et al., 2014). They had been previously

supposed to be only tetrapod-specific genes (Reinscheid, 2007).

Our results show that the Npsr1 gene originated from the dupli-

cation of the mesotocin receptor gene in sarcopterygians and is

expressed mainly in the brain and spinal cord (Figure 6B). Nps

originated de novo fromprecursor sequences in sarcopterygians
(C) VISTA sequence conservation plot of the specific loss of 50 AAs of Hoxb13 in t

column refers to the location of lost sequence in tetrapods.

(D) The tetrapod-specific CNEs close to Hoxc10, using human (GRCh38) as a r

elements in tetrapods.

See also Figure S5.
(Figure S5C). We also observed evidence of their expression in

brain and spinal cord samples in this species (Figure 6B), indi-

cating that the lungfish has a primitive NPS/NPSR system. Evi-

dence also showed that the Nps is produced by the amygdala

(Xu et al., 2007). Together with these results, this pair of newly

originated genes may imply enhanced anxiolytic ability in the

lineage of lungfishes and tetrapods.

In addition to NPS/NPSR, gamma-aminobutyric acid (GABA)

within the amygdala is another critical inhibitory neurotransmitter

used to control feelings of fear and anxiety (Babaev et al., 2018b).

Two HCEs across bony fishes located in the coding regions of

GABA-related genes were found to have deletion or insertion in

the lineage leading to the LCA of tetrapods and lungfishes. The

first gene, IgSF9b, whose product has a six-AA deletion (Fig-

ure 6C), was proved to be strongly expressed in GABAergic in-

terneurons and to form a complex with Nlgn2 as an inhibitory

synaptic organization (Babaev et al., 2018a; Woo et al., 2013).

The second gene, Arfgef1, which could maintain membrane sur-

face postsynaptic GABAA receptors (Teoh et al., 2020), has a
etrapods, using the spotted gar (LepOcu1) as a reference. The gray shadowed

eference. The gray shadowed columns refer to the locations of newly gained
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product containing a two-AA insertion (Figure S5D). Moreover,

Gh, the only gene that was observed to be expressed specifically

in the brain of tetrapods and the African lungfish (Table S6), en-

codes growth hormone. The upregulation of Gh in the amygdala

has been found to be related to the establishment of fearmemory

(Gisabella et al., 2016). Overall, these genetic innovations shared

by lungfishes and tetrapods are consistent with previous obser-

vations that the tetrapod-like amygdaloid complex originated in

the lineage leading to the CA of lungfishes and tetrapods (Gon-

zález et al., 2010; Maximino et al., 2013).
Pharyngeal remodeling
Along with the shift of the primary respiratory function from gills

to lungs in terrestrial vertebrates, the branchial arches no longer

generated gills. The branchial arch reduced in number, from five

in sarcopterygian fishes to four or three in tetrapods (Graham

and Shone, 2019). The gene Hoxb3 is thought to be important

in regulating the development of pharyngeal arches (Tomotsune

et al., 2000). A CNE across most vertebrates located 4 Kb up-

stream of Hoxb3 was found to be no longer conserved in tetra-

pods (Figure S5E), which might be a consequence of the relaxa-

tion of selection caused by the loss of two pharyngeal arches.

Simultaneously, the second arch in the embryonic development

of human and other tetrapods was remodeled to cover more

caudal arches, which resulted in the internalization of the posterior

arches and the loss of an external opening at the posterior end

(Graham and Shone, 2019). The parathyroid glands have then ap-

peared from the posterior pharyngeal pouches since tetrapods

emerged; these glands are responsible for regulating the release

of calcium from internal stores (Graham and Shone, 2019), and

this function is achieved by gills in ray-finned fishes (Okabe and

Graham, 2004). The gene Pax1 was found to be directly related

to the development of pharyngeal pouches posterior to the sec-

ond arch (Okada et al., 2016) and the parathyroid gland (Su

et al., 2001). We identified a tetrapod-specific CNE upstream of

Pax1, which could act as an enhancer (Figures S5F and S5G).

The Gcm2 gene is essential for the differentiation and survival of

parathyroid glands (Liu et al., 2007). We noticed that this gene

was highly expressed in the gills of ray-finned fishes and the Afri-

can lungfish, but expressed at a low level in the gill of clawed frog

(Figure S5H), suggesting that the corresponding functions had

been shifted from the gills to the parathyroid gland in tetrapods.
Specialized characteristics in lungfishes
The African lungfishes can aestivate in themud for several months

or even years to get through the dry and hot season (Filogonio

et al., 2017). We conducted aestivation treatment for six African

lungfish (P. annectens) individuals, collected and analyzed tran-

scriptome data from 11 tissues of the six aestivated individuals

and three non-aestivated individuals. We found that the overall

expression profiles are highly similar between aestivated and

non-aestivated individuals (Figures S6A and S6B). The downregu-

lated genes are enriched in hormone activity in brain (hypergeo-

metric test, adjusted p value = 8.43 10�13) and collagen-contain-

ing extracellular matrix in skin (adjusted p value = 8.0 3 10�3)

(Figure S6B). Among the ten genes that are upregulated in ten

or more tissues, eight of them are heat shock protein genes (Fig-
1372 Cell 184, 1362–1376, March 4, 2021
ure S6C). The globally increased expression of heat shock pro-

teins may protect lungfishes in the dry and hot seasons.

The dentition pattern is another unique feature of lungfishes

that was considered to be highly derived in sarcopterygian fishes

(Qiao and Zhu, 2009). Their individual teeth, arranged in a radial

pattern, are integrated into the dental plate and will not be lost

through shedding. To a certain extent, they are similar to the sta-

todont dentition of placoderms that also never sheds (Zerina and

Smith, 2005). We examined 51 genes that have been reported to

be associated with tooth development (Bei, 2009) in 18 verte-

brate species. None of the genes that are present in most verte-

brates was found to be absent in the lungfishes. And only one

gene, Pax9, was found to be with marked specific mutations in

the regions that are conserved in vertebrates other than lung-

fishes (Figure S6D). In addition, we also detected positive selec-

tion signal in the Pax9 gene of lungfishes (Figure S6E). Pax9 de-

termines the exact location of tooth germ appearances, and

mutation in this gene is related to oligodontia in human beings

(Suda et al., 2011). The specific mutations in lungfishes may

lead to their specific dentitions.

DISCUSSION

The large genome size of lungfishes has resulted in the long-stand-

ing absence of their genome sequences, which has been a formi-

dable obstacle to study the evolutionary mechanism of verte-

brates’ water-to-land transition. Combining ONT single molecular

sequencing technology, optical mapping, and Hi-C technology,

we successfully obtained a high-quality chromosome-level

genome assembly for the African lungfish, which is the largest

sequenced genome reported so far. Compared with the recently

released Australian lungfish genome (Meyer et al., 2021), which

missed 21%–35% of the genome sequences, our assembly is

nearly complete andmuchmore continuouswith doubled chromo-

some N50 size. Our assembly also resulted in much better gene

annotation for African lungfish and was over seven times higher

in number of 1:1 orthologs across vertebrates than that in Austra-

lian lungfish. Nevertheless, these two available lungfish genomes

provide important resources for understanding land-to-water tran-

sition of vertebrates and evolution of the mysterious lungfish

species.

Our comparative genomic analysis revealed that the verte-

brates’ transition to land involved different kinds of genetic inno-

vations. It is intriguing that none of the vertebrate lineages

successfully emerged onto the land except the monophyletic

group of tetrapods. Given the fact that the primitive respiration

system is still preserved in non-teleost ray-finned fishes (Liem,

1988) and that they already had most of the genes essential for

life on the land (Bi et al., 2021), we propose a three-step scenario

for the water-to-land evolution: first, the common ancestor of

bony fishes evolved the initial air-breathing ability; then, the ge-

netic innovations associated with air-breathing ability (e.g., the

new gene Sftpc and the recruitment of Slc34a2), nervous system

(e.g., the new gene Nps and Npsr), and other improvements had

rendered the CA of lungfishes and tetrapods the ability to leave

the water temporarily; and finally, the CA of tetrapods acquired

the respiration and locomotion system adapting to the terrestrial

living. It is noteworthy that vomeronasal receptor (VR) gene
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expansion in lungfishes may not be a unique innovation in tetra-

pods as suggested by Meyer et al. (2021), because hagfish,

some ray-finned fishes, and some tetrapods also have signifi-

cantly expanded VRs (Bi et al., 2021), and the hs72 enhancer

nearby the Sall1 gene is not Sarcopterygian in origin because it

is present in ray-finned fishes except the zebrafish. It is clear

that more studies are needed in order to reveal the concrete

functional roles of those genetic changes observed in these

two initial lungfish genomics studies.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

African lungfish This study N/A

Critical commercial assays

RNeasy Mini kit QIAGEN N/A

Anti-DIG-AP antibody Jackson N/A

DMEM GIBCO N/A

FBS GIBCO N/A

Antibiotic-Antimycotic GIBCO N/A

pGL4.23 vector Promega N/A

Turbofect reagent ThermoFisher Scientific N/A

Dual-Luciferase Reporter Assay System Promega N/A

Multimode microplate reader Spark Tecan N/A

Deposited data

Sequencing data for African lungfish This study National Genomic Data Center

(https://bigd.big.ac.cn/bioproject/)

under the accession number PRJCA002950.

Genome assembly for African lungfish This study National Genomic Data Center

(https://bigd.big.ac.cn/gwh/) under the accession

number GWHANVS00000000.

Ensembl database release 96 European Bioinformatics Institute http://apr2019.archive.ensembl.org/

Experimental models: cell lines

HEK293T DMEM N/A

Software and algorithms

fastp v0.19.4 Chen et al., 2018 https://github.com/OpenGene/fastp

Jellyfish v2.2.10 Marçais and Kingsford, 2011 https://www.cbcb.umd.edu/software/jellyfish/

GenomeScope Vurture et al., 2017 http://qb.cshl.edu/genomescope/

Wtdbg2.huge Ruan and Li, 2020 https://github.com/ruanjue/wtdbg-2.huge

NextDenovo v1.0 Hu Jiang https://github.com/Nextomics/NextDenovo

NextPolish v1.01 Hu et al., 2020 https://github.com/Nextomics/NextPolish

Bionano Solve hybrid scaffold pipeline Pacific Biosciences https://bionanogenomics.com/wp-content/

uploads/2018/04/30073-Bionano-Solve-

Theory-of-Operation-Hybrid-Scaffold.pdf

3D-DNA v180419 Dudchenko et al., 2017 https://github.com/theaidenlab/3d-dna

Juicebox Assembly Tools v1.9.9 Dudchenko et al., 2018 https://github.com/aidenlab/Juicebox/wiki/

Juicebox-Assembly-Tools

Trinity v2.8.5 Grabherr et al., 2011 https://github.com/trinityrnaseq/trinityrnaseq

Iso-Seq2 from SMRT Link v5.1.0 Pacific Biosciences https://www.pacb.com/wp-content/uploads/

2018-10-NA-UGM-Iso-Seq-Method.pdf

BLAT v36x2 Bejerano et al., 2004 https://genome.ucsc.edu/cgi-bin/hgBlat?

command=start

minimap2 v2.17 Li, 2018 https://github.com/lh3/minimap2

Burrows-Wheeler Aligner (bwa mem v0.7.17) Li and Durbin, 2010 https://github.com/lh3/bwa

RepeatMasker v4.0.7 Arian Smit & Robert Hubley http://www.repeatmasker.org/

RepeatModeler v1.0.11 Arian Smit & Robert Hubley http://www.repeatmasker.org/RepeatModeler/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

parseRM Aurelie Kapusta https://github.com/4ureliek/Parsing-

RepeatMasker-Outputs

TRF v4.09 Benson, 1999 https://tandem.bu.edu/trf/trf.html

Exonerate v2.4.0 European Bioinformatics Institute https://www.ebi.ac.uk/about/vertebrate-

genomics/software/exonerate

Augustus v3.3.2 Stanke et al., 2006 http://bioinf.uni-greifswald.de/augustus/

EVM v1.1.1 Haas et al., 2008 https://evidencemodeler.github.io/

BUSCO V3 Simão et al., 2015 https://busco.ezlab.org/v3

BLAST v2.9.0 Zhang et al., 2000 https://blast.ncbi.nlm.nih.gov/Blast.cgi

EMBOSS v6.6.0 Rice et al., 2000 http://emboss.sourceforge.net/

HMMER2 v3.3.1 Mistry et al., 2013 http://hmmer.org/

KaKs_calculator v2.0 Zhang et al., 2006 https://bigd.big.ac.cn/tools/kaks

MAFFT v7.407 Katoh and Standley, 2013 https://mafft.cbrc.jp/alignment/software/

RAxML v8.2.12 Stamatakis, 2014 https://cme.h-its.org/exelixis/web/software/

raxml/index.html

MP-EST v2.0 Liu et al., 2010 http://faculty.franklin.uga.edu/lliu/mp-est

PAML v4.9e Yang, 2007 http://abacus.gene.ucl.ac.uk/software/paml.html

r8s v1.8.1 Sanderson, 2003 https://sourceforge.net/projects/r8s/

PSMC v0.6.5 Li and Durbin, 2011 https://github.com/lh3/psmc

OrthoFinder v2.3.1 Emms and Kelly, 2019 https://github.com/davidemms/OrthoFinder

CAFE v3.1 De Bie et al., 2006 https://github.com/hahnlab/CAFE

PRANK v.170427 Löytynoja, 2014 http://wasabiapp.org/software/prank/

MrBayes v3.2.7a Ronquist et al., 2012 https://nbisweden.github.io/MrBayes/download.html

ggplot2 v3.3.2 Wickham, 2016 https://ggplot2.tidyverse.org/

MCScanX Wang et al., 2012 https://github.com/wyp1125/MCScanX

ANGeS v1.01 Jones et al., 2012 http://paleogenomics.irmacs.sfu.ca/ANGES/

Circos v0.69-9 Krzywinski et al., 2009 http://circos.ca/

LASTZ v1.04.03 Harris, 2007 http://www.bx.psu.edu/�rsharris/lastz/

UCSC tools The University of California https://genome.ucsc.edu/util.html

MULTIZ v012109 Blanchette et al., 2004 https://github.com/multiz/multiz

PHAST v1.5 Siepel et al., 2005 http://compgen.cshl.edu/phast/

VISTA v1.4.26 Frazer et al., 2004 http://genome.lbl.gov/vista/

bioedit v7.2 Tippmann, 2004 https://softfamous.com/bioedit/

HISAT2 v2.1.0 Kim et al., 2019 http://daehwankimlab.github.io/hisat2/

StringTie v2.0.6 Pertea et al., 2015 https://ccb.jhu.edu/software/stringtie/

preprocessCore v1.44.0 Ben Bolstad http://bioconductor.org/packages/release/

bioc/html/preprocessCore.html

edgeR v3.32.0 Robinson and Oshlack, 2010 https://bioconductor.org/packages/release/

bioc/html/edgeR.html

MEGA v7.0 Kumar et al., 2016 https://www.megasoftware.net/

HyPhy v2.5.15 Pond et al., 2005 http://www.hyphy.org/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Wen

Wang (wwang@mail.kiz.ac.cn).

Materials availability
This study did not generate any new unique reagents.
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Data and code availability
The genome sequences, raw genome and transcriptome sequencing data for Protopterus annectens have been deposited at Na-

tional Genomic Data Center (https://bigd.big.ac.cn/bioproject/) under the accession number PRJCA002950.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Source organisms
All animal experiments were approved by the Animal Research and Ethics Committee of the Institute of Hydrobiology, Chinese Acad-

emy of Sciences. The samples were collected legally and in accordance with the Animal Care and Use Ethics policy of Chinese Acad-

emy of Sciences. The African lungfish (Protopterus annectens) samples were purchased from an ornamental fish market in Guangz-

hou, China and then identified in the Institute of Hydrobiology, Chinese Academy of Sciences. Two samples were used for genome

and transcriptome sequencing. The first sample ‘‘Lungfish.Sample01’’ was a male individual of �2 years old collected in 2018. The

sample ‘‘Lungfish.Sample02’’ was another male individual of �2 years old collected in 2015. For the aestivation treatment, a total of

nine individuals of�2 years old were used. Six samples were randomly selected and fasted for 96 h and individually induced to aesti-

vate in muddy substrata in vitreous tanks (L 35 cm3W 21 cm3 H 28 cm) under conditions of 27–29�C and 85%–90% humidity as

described by Loong et al. (Loong et al., 2008). Among them, there were 2 males and 2 females, but the gender of the other two in-

dividuals were not recorded. The three remaining samples were maintained in freshwater served as controls, with twomales and one

female. Aestivating and control lungfishes were euthanized on day 36 (6 days for induction and 30 days for maintenance) by blowing

the head. For the in situ hybridization on lung tissues, samples from four species were collected. Samples of lungfish and alligator gar

(Atractosteus spatula) were about two years old. Samples of mouse (Mus musculus, strain: C57BL/6) and zebrafish (Danio rerio,

strain: AB) were three and ten months, respectively. We didn’t identify the gender for these samples.

Cell lines
The HEK293T cells were purchased from National Collection of Authenticated Cell Cultures (Shanghai, China). The cell line was

authenticated by short tandem repeat analysis. The cells were maintained in DMEM (GIBCO, USA) supplemented with 10% FBS

(GIBCO) and 1% Antibiotic-Antimycotic (GIBCO) at 37�C, 5% CO2.

METHOD DETAILS

DNA isolation and genomic sequencing
For the sample ‘‘Lungfish.Sample01,’’ the DNA for sequencing was extracted from its muscle tissue. For long read sequencing, the

libraries constructedwith high-quality genomic DNAwere sequenced on bothGridION and PromethION platforms, resulting a total of

337 lanes of data. For short read sequencing, a paired-end library with an insert size of�300 bp and a 100 bp paired-end read length

was constructed and sequenced with the MGISEQ-2000 platform. For optical mapping, the Bionano SaphyrTM system based on

NanoChannel Array Technology was used. For Hi-C sequencing, the libraries constructed were sequenced on the BGI-Shenzhen

MGISEQ-2000 platform with 150 bp paired-end read length. For the sample ‘‘Lungfish.Sample02,’’ genomic DNA was extracted

from its muscle tissue and the Illumina HiSeq 2500 platform was used for 127 bp and 250 bp paired-end read length sequencing.

The short reads were filtered using fastp v0.19.4 (Chen et al., 2018) with default parameters.

Estimation of genome size
We used K-mer frequency-based and flow cell-based methods for genome size estimation. First, the K-mers were counted using

Jellyfish v2.2.10 (Marçais and Kingsford, 2011) with the parameter ‘‘-C -m 51 -s 10000000000 -t 50.’’ The output file was then

used as the input for GenomeScope (Vurture et al., 2017) to estimate the genome size. Second, one African lungfish individual

was anesthetized with MS-222 at a concentration of 50mg/L and about 0.1 mL of blood sample was collected from the caudal artery

by an injector with 0.2% heparin. Two microliters of blood cells were diluted in 1 mL cooled 0.01M PBS and then centrifuged at 94 g

for 5 min to isolate leucocytes and erythrocytes. The red blood cells (RBCs) were re-suspended in PBS and diluted to 1.03 106 cell/

mL for each sample. The RBCswere then re-suspended in 70%ethanol, fixed at 4�Covernight, washed and suspended in PBS. Next,

1 mL of propidium iodide (PI) staining solution (0.1% Triton X-100, 10 mg/mL PI, and 100 mg/mL DNase - free RNase A in PBS) was

added, and the mixture kept in the dark at room temperature for 30 min. The same method was applied to process blood from both

chicken (Gallus gallus domesticus) (genome size 1.25 pg) (Tiersch and Chandler, 1989) and grass carp (Ctenopharyngodon idella)

(genome size 1 pg) (Wang et al., 2015), which were used as standards. The genome size was calculated from to the fluorescence

value by the formula: Fish genome size in picograms = reference genome size3 (E1/E2), where E1 was the fluorescence in the chan-

nel used for the lungfish sample and E2 was the fluorescence in the channel used for the reference species.

Genome assembly and chromosome anchoring
The software NextDenovo v1.0 (https://github.com/Nextomics/NextDenovo) was used for the self-correction of long reads

sequenced with ONT platforms. Using the default parameters, the reads were aligned against themselves and the regions of overlap

were compared to generate consensus sequences. The corrected readswere assembledwith wtdbg2.huge (commit a98e6dc) (Ruan
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and Li, 2020) with parameters ‘‘-t 96 -k 0 -p 21 -AS 4 -K 0.05 -s 0.5 -L 10000.’’ Contigs were polished with NextPolish v1.01 (Hu et al.,

2020) with three rounds of alignment with long reads and three rounds of alignment with short reads. Then, the Bionano de novo op-

tical map and the polished contigs were input into the Bionano Solve hybrid scaffold pipeline (https://bionanogenomics.com/

wp-content/uploads/2018/04/30073-Bionano-Solve-Theory-of-Operation-Hybrid-Scaffold.pdf) and an AGP file was generated to

guide the scaffolding of the FASTA file. Finally, the Hi-C short reads were aligned to the scaffolds with Juicer (Durand et al.,

2016), and the anchoring was performed with 3D-DNA v180419 (Dudchenko et al., 2017). The Juicebox Assembly Tools v1.9.9

(Dudchenko et al., 2018) were then applied for the manual correction of the connections.

Genome quality evaluation
The 481 ultra-conservative elements (UCEs) identified in humans, rats, and rabbits that were longer than 200 bpwere used in assess-

ing the quality of the lungfish genome (Bejerano et al., 2004). The BLAT v36x2 (Kent, 2002) software package was applied to the

genome of bichir and spotted gar with the sensitive parameters, ‘‘-minIdentity=60 -minScore=30 -minMatch=1 stepSize=8 -mas-

k=lower,’’ filtering out those sequences that were less than 75%matches and less than 50 bp in length, yielding 178 ultraconservative

elements conserved in the Osteichthyes. These Osteichthyes-conserved UCEs were used to access the integrity of the lungfish

genome. We performed the same assessment for the genomes of coelacanth, axolotl, Western clawed frog, and chicken. The

sequenced long- and short- reads were then aligned back to the assembled genome to check the completeness of the genome us-

ing, respectively, minimap2 v2.17 (Li, 2018) and Burrows-Wheeler Aligner v0.7.17 (Li and Durbin, 2010), with the default parameters.

Finally, to check the reliability of chromosomal anchoring, the physical length of each chromosomewasmeasured from a photograph

in a previous publication (Suzuki and Yamanaka, 1988) and the lengths of chromosomes were used for correlation analysis.

RNA preparation and sequencing
Both the above two lungfish individuals were used for transcriptome sequencing. RNA was extracted for all the samples using TRIzol

(Invitrogen) and subsequently purified using a RNeasy Mini Kit (QIAGEN). For ‘‘Lungfish.Sample01,’’ a total of 6 samples, gill, heart,

liver, lung, muscle and kidney, were used for RNA isolation and sequenced separately on the MGISEQ-2000 platform. The RNA of

these 6 samples was divided into three groups, each of which was processed via full-length transcriptome sequencing using the

PacBio RS II platform. For ‘‘Lungfish.Sample02,’’ 8 samples, gut, lung, liver, muscle, brain, skin, kidney and heart, were used for

sequencing with the Illumina Hiseq 2500 platform. These samples were also divided into three groups and sequenced on the PacBio

RS II platform.

For studying the aestivation, a total of 11 tissues were collected in six aestivated and three control individuals, including brain, spi-

nal cord, heart, liver, lung, muscle, skin, gill, kidney, gut and eye. The collected samples were excised, frozen in pre-cooled freezing

tubes in liquid nitrogen, and stored at�80�C until use. For each sample, the RNA was isolated and sequenced on the MGISEQ-2000

platform. Besides, the ovary samples from four individuals were also collected for short reads transcriptome sequencing on the

MGISEQ-2000 platform.

Annotation of genome sequences
The repetitive sequences were annotated using both homology-based and de novo predictions. To enable better parallel computa-

tion and accelerate the annotation of repetitive sequences, here we used the scaffold rather than the chromosome-level genome

assembly. First, the transposable elements were identified using RepeatMasker v4.0.7 (http://www.repeatmasker.org) and Repeat-

ProteinMask v1.36 with the Repbase transposable element library (Jurka et al., 2005). Second, RepeatModeler v1.0.11 (http://www.

repeatmasker.org/RepeatModeler.html) was used to construct a de novo transposable element library, which was then used to pre-

dict repeats with RepeatMasker v4.0.7. The divergence time of transposons was estimated using parseRM (https://github.com/

4ureliek/Parsing-RepeatMasker-Outputs). As a complement, tandem repeats were predicted using TRF v4.09 (Benson, 1999). We

also applied the same protocol to annotate the genome sequences of axolotl, coelacanth and Western clawed frog for further

comparison.

For the annotation of the protein domains across genome, the HMMs model files for all the domains from the Pfam-A database

were downloaded and searched in the genome of 40 species genomes (Table S4). Each genome was translated with 6-phase model

using EMBOSS v6.6.0 (Rice et al., 2000), and HMMER2 v3.3.1 (Mistry et al., 2013) was used for the domains search with the default

parameters. We also downloaded 266 vertebrate genomes from the NCBI, ENSEMBL databases (Table S3) for searching the KRAB

and RVT_1 domains using the same procedure.

For the prediction of protein coding genes, we first assembled the transcriptome from the 14 samples of the two lungfish individuals

(Lungfish.Sample01 and Lungfish.Sample02). The short-read transcriptomes were assembled with Trinity v2.8.5 (Grabherr et al.,

2011) and the full-length transcriptomes were assembled with Iso-Seq2 from SMRT Link v5.1.0 (https://www.pacb.com/

wp-content/uploads/2018-10-NA-UGM-Iso-Seq-Method.pdf) using the default parameters. The assembled transcripts with an

open reading frame of at least 30 amino acids were aligned to the genome using BLAT with default parameters. We kept only the

best alignment for each transcript and filtered out transcripts with coverage below 70% of the query length. Second, the annotated

proteins of six species, including elephant shark, spotted gar, zebrafish, coelacanth, chicken and human, were downloaded from

ENSEMBL (v96). We retained only the longest transcript from each gene as a representative and used BLAT to align the genes to

the genome assembly. Alignments with coverage below 70% of the query length were again filtered out. The alignments were
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then grouped based on position on the reference genome. Groups for which there was at least one item of homology-based evidence

and one item of transcript-based evidence, and groups for which transcript-based evidence was available from more than three

independent samples, were retained. Afterward, for each group, the transcript with the best alignment was used for initial gene pre-

diction with the software Exonerate v2.4.0 (https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate). We used Au-

gustus v3.3.2 (Stanke et al., 2006) for model training using the initial gene sets and performed gene prediction within each group.

Finally, EVM v1.1.1 (Haas et al., 2008) was used to integrate all evidence to produce the final gene sets. The completeness of the

gene sets was assessed against both the vertebrate and tetrapod lineages with Benchmarking Universal Single-Copy Orthologs

(BUSCO) (Simão et al., 2015).

Assessment of whole genome duplication (WGD)
The distribution of synonymous substitutions per site (Ks) within paralogs was used to examine themost recentWGD event in African

lungfish. The protein sequences of African lungfish were aligned against themselves with BLAST v2.9.0 (Zhang et al., 2000) (-evalue

1e-10). When one gene and another gene were mutual best hits (excluding hits to themselves), they were identified as a paralog pair.

The Ks was calculated via KaKs_calculator v2.0 (Zhang et al., 2006) for each paralog pair. For comparison, we also plotted the Ks

distribution for coelacanth, axolotl, Western clawed frog, and spotted gar, which are species that are known to have no additional

WGD other than the two rounds of genome duplication common to all vertebrates, and African clawed frog, which had an indepen-

dent WGD event.

Phylogenetic relationship
To clarify the phylogenetic relationships of the African lungfish, we selected seven additional species that have experienced no recent

WGD event, elephant shark, spotted gar, coelacanth,Western clawed frog, chicken, mouse and human (ENSEMBL 96), that together

represent the jawed vertebrates. Two different datasets were used to infer the phylogenetic tree. First, the reciprocal best hit (RBH)

method was adopted to identify the genes that are 1:1 orthologous among all the 8 species, which resulted in 5,149 ortholog pairs.

For the concatenated tree, the protein sequences of each orthologous pair were aligned by MAFFT v7.407 (Katoh and Standley,

2013). The aligned sequences were then joined and used as input to RAxML v8.2.12 (Stamatakis, 2014) to infer a maximum likelihood

(ML) tree, with the parameter: -f a -m PROTGAMMAAUTO -p 15256 -T 50 -x 271828 -N 100. For the species tree, the ML tree of each

ortholog pair was inferredwith RAxML as above and theML trees were collected to build the species tree withMP-EST v2.0 (Liu et al.,

2010). To estimate the divergence time, we extracted the 4-fold sites from the 5149 ortholog pairs and estimated the divergence time

usingMCMCTree in the PAML v4.9e (Yang, 2007) package with the calibration based on five fossil records (> 460Ma for jawed verte-

brate ancestor (Coates et al., 2018; Sansom et al., 2012); > 425 Ma for bony fish ancestor (Zhu et al., 2009); > 419 Ma for the appear-

ance of lungfishes (Benton et al., 2015; Zhu and Fan, 1995)); > 318 Ma for birds and mammals ancestor (Benton et al., 2015); > 61.6

Ma for the crown Euarchontoglires node (Benton et al., 2015)). We then estimated the mutation rate of each lineage with r8s v1.8.1

(Sanderson, 2003) using the same dataset and fossil record as above and reconstructed the dynamic effective population size of

African lungfish with PSMC v0.6.5 (Li and Durbin, 2011), using a generation time of 3 years (Dunbrack et al., 2006).

In addition, the protein sequences of the eight species were also clustered with OrthoFinder v2.3.1 (Emms and Kelly, 2019). The

gene family expansion and contraction was evaluated used CAFE v3.1 (De Bie et al., 2006) with results from the OrthoFinder pipeline.

A conditional P value was calculated for each gene family, and families with conditional P values lower than 0.05 were considered to

have had a significantly accelerated rate of expansion or contraction.

Estimation of increment of intron sizes
The gene sets of seven species, including the African lungfish, the axolotl (Nowoshilow et al., 2018), and human, chicken, coelacanth,

spotted gar and elephant shark from ENSEMBL 96, were collected for generation 1:1 orthologous dataset using the reciprocal best

hitsmethods. The geneswithout intronswere excluded. For each ortholog gene pairs, the initial intron length was estimated by calcu-

lating the median intron length of the five species including human, chicken, coelacanth, spotted gar and elephant shark. The incre-

ment of intron sizes was estimated by subtracting the initial intron length from the intron length of the African lungfish or the axolotl.

The expansion rate of intron size was estimated by dividing the intron length of the African lungfish or the axolotl by the initial intron

length. In order to reveal the correlation between the different factors, the linear fitting and curve fitting were done by the function

‘geom_smooth’ in the R package ‘ggplot2’ v3.3.2 (Wickham, 2016).

Reconstruction of ancestral karyotype
A total of six species were used, including white-spotted bamboo shark (Zhang et al., 2019), bichir (Bi et al., 2021), spotted gar, Af-

rican lungfish,Western clawed frog (Hellsten et al., 2010), and chicken (Warren et al., 2017) were used for reconstruction of the ances-

tral karyotype. Chicken was adopted as a reference genome and BLAST was used for two-by-two interspecies comparisons and

reciprocal best hits to obtain a set of genes homologous between species. The corrected posterior binomial test (q-value < 0.05,

number of homologous genes > = 20) was applied to identify chromosomes that were homologous among species. The default pa-

rameters of MCScanX (Wang et al., 2012) were used for the identification of inter-chromosomal co-linear blocks. Finally, ANGeS

v1.01 (Jones et al., 2012) was used to construct the ancestral karyotype. Interspecies co-collinearity was displayed using Circos

v0.69-9 (Krzywinski et al., 2009).
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Analysis of conserved elements
First, the genome sequences from human (GRCh38) and spotted gar (LepOcu1) were used as references, to construct 12-way whole

genome alignments (WGAs) of human (GRCh38), mouse (GRCm38), anole lizard (AnoCar2.0), chicken (Gallus_gallus-5.0), Western

clawed frog (JGI_4.2), African lungfish, coelacanth (LatCha1), spotted gar (LepOcu1), alligator gar, bichir (Bi et al., 2021), elephant

shark (Callorhinchus_milii-6.1.3) and brownbanded bamboo shark (GCA_003427335.1). The pairwise alignment was conducted us-

ing LASTZ v1.04.03 (Harris, 2007) with the parameters: H = 2000, K = 2200, L = 6000, Y = 3400. The UCSC tools were applied for

‘chaining’ and ‘netting’ to ensure that all the alignments were non-overlapped. The roast program in MULTIZ v012109 (Blanchette

et al., 2004) was then used to construct WGAs. Second, to identify highly-conserved elements (HCEs) that originated in various lin-

eages, PhyloFit from the PHAST v1.5 (Siepel et al., 2005) package was used to construct non-conserved and conservedmodels with

the four-fold degenerate sites and the first codons from coding sequences. The conserved elements in each 12-way WGA were

defined using the parameters: target-coverage = 0.3, expected-length = 45, most-conserved = true, score = true, along with the

above models. Subsequently, in these conserved alignments, we defined two types of HCEs, the ancient HCEs with spotted gar

as reference, which required a high level of similarity (70% for every species) within cartilaginous fish and ray-finned fish, and the

tetrapods-HCEs using human as reference, which required a high similarity (70% for every species) within tetrapods. The HCEs

that had been gained in tetrapods were extracted from the WGAs with human as reference. The HCEs that had been lost from

the tetrapods were extracted from the WGAs with spotted gar as reference. In addition, for the HCEs that are presented in all the

12 species mentioned above, we specifically identified the HCEs with fixed insertion/deletions/linked substitutions (with more

than 6bp) between tetrapods, the African lungfish, the coelacanth, ray-finned fishes and cartilaginous fishes. The alignments of

HCEs referred to in themanuscript weremanually checked and plotted with VISTA v1.4.26 (Frazer et al., 2004) and bioedit v7.2 (Tipp-

mann, 2004).

Identification of new genes
The HCEs located in the coding regions that gained by the lineage leads to the LCA of lungfishes were used for searching possible

new genes. For each HCE in the coding regions, the gene that containing this HCE was used for searching homologs with BLAST

v2.9.0 in the gene sets of 12 bony fishes that are mentioned in the above section. We also performed manually gene annotation

in those species to avoid omissions in their general feature format (GFF) files. If we were completely unable to find its homologous

in coelacanth, ray-finned fishes and cartilaginous fishes, the gene was considered as a de novo originated gene. Otherwise, all these

homology sequences were aligned together with the software PRANK v.170427 (Löytynoja, 2014), and a phylogeny trees was

constructed with MrBayes v3.2.7a (Ronquist et al., 2012), using the parameter: ‘‘lset nst=6 rates=invgamma Ngen=1000000

Nruns=2.’’ When the sequences from a certain of sarcopterygian lineage has paralog(s) but not in other outgroup species on the

phylogenetic tree, the gene was considered as a new duplicated gene in that lineage, with the closet paralog identified as its parent

gene. We also further manually checked the syntenic relationship of these genes in bony fishes to validate the duplication events.

Comparative transcriptome analysis
For identifying genes differentially expressed across species during water-to-land transition. The RNA-Seq reads from nine tissues of

five species (Bi et al., 2021) (Table S1) weremapped to their own genomeswith HISAT2 v2.1.0 (Kim et al., 2019). For each species, the

expression level (RPKM) of genes was calculated with StringTie v2.0.6 (Pertea et al., 2015). To construct the inter-species expression

matrix, we applied a relaxed RBH method. Using mouse as the reference species, we first identified the mouse genes that had 1:1

homologs in each of the other four species separately, using the RBH method. Then, if a mouse gene had a 1:1 homolog in all four

other species, we treated the corresponding five genes as a homologous gene set. We eventually obtained an expression matrix with

a total of 7,870 homologous gene pairs and 220 samples across five species. The expression matrix was quantile normalized using

the ‘‘preprocessCore’’ v1.44.0 in R (https://github.com/bmbolstad/preprocessCore). For each species, genes showing tissue-spe-

cific expression were identified with the Taumethod (Yanai et al., 2005). If a gene had a Tau value larger than 0.8 and the expression

level for a tissue was more than half of that in the tissue with the highest expression, the gene was then identified as being tissue-

specifically expressed in that tissue. For each tissue, we focused on three classes of genes that had undergone nodal alterations

in tissue-specific expression (TSE): genes that showed TSE in ray-finned fish and the African lungfish; genes that had TSE in the Af-

rican lungfish and tetrapods, and genes that showed TSE in tetrapods alone. For the identified genes, we manually checked their

corresponding expression levels in zebrafish (data from Bi et al., 2021).

To investigate the expression pattern of aestivation state of the African lungfishes, we aligned the RNA-seq reads from the 11 tis-

sues of 6 aestivated and 3 non-aestivated African lungfish individuals to the lungfish genome with HISAT2 v2.1.0 (Kim et al., 2019).

The gene expression level of each gene was with StringTie v2.0.6. The differentially expressed genes for each tissue were identified

using an exact test provided in the edgeR v3.32.0 software package, where geneswith fold change greater than 4 and false discovery

rate values less than 0.01 (Robinson and Oshlack, 2010).

In situ hybridization
The lungs from mouse and the African lungfish (P. annectens), and swim bladder from alligator gar and zebrafish were sampled and

fixated with 4% paraformaldehyde (PFA) at 4�C for 2-12 h. The tissues were next dehydrated in gradient ethanol, dipped in paraffin

and finally embedded in paraffin wax. Then the paraffin block sectioned (5 mm), andmounted on slides. After the sample preparation,
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the tissue slides first pass sequentially in xylene, ethanol and DEPC water, and then were boiled in repairing liquid for 5 min and

cooled naturally. Followingly, the samples on the slides were circled by the Pap Pen and then digested with 20 mg/mL proteinase

K at 37�C for 20min. After a brief wash with purified water, the slides were washed in PBS 3 times for 5min each. To block the endog-

enous peroxidase, 30%methanol-H2O2 was added to the sample and incubated for 15 min at room temperature in the dark and then

washed in PBS 3 times for 5 min each. Subsequently, a total of 8 probes were designed for hybridization, including: three copies of

the African lungfish SftpC: 50-GATAGTATTCAGATCCTCTCTTCTTGCCTCCCCTT-30, 50-CACTATCCCACTTCATCACAAGGC

ACAAATCTC-30, and 50-GCGACCATTACCGTTTCCTTGTTTAGCCC-30; mouse Slc34a2: 50-CAGTCTTGGCTACAGGAGTCCCGT

TGTCATT-30, African lungfish Slc34a2: 50-CAGATGAA GTCGCCATTATCCCAGCAGA-30, alligator gar Slc34a2, 50-GCCAACAGCCA

GATCCGACAAAGA AGAGT-30, two copies of zebrafish Slc34a2: 50-CTGGAGAGTCGTGTTTGAGGCTGTGTGG-30 and 50-CGTCG

GGGTTTGGGGCTCATGTTTGTCC-30. For each probe, samples from corresponding species were prehybridized in a prehybridiza-

tion solution at 37�C for 1 h and then hybridized in a hybridization solution containing the digoxigenin (DIG)-labeled RNA probe at

37�C for 12-16 h. The hybridized samples were then washed in a solution of 2 3 SSC at 37�C for 10 min, 1 3 SSC at 37�C for

5 min twice, and 0.5 3 SSC at room temperature for 10 min, respectively. After blocking in BSA for 30 min at room temperature,

the slides were incubated with anti-DIG-AP antibody (Jackson) at 37�C for 50 min and then washed in PBS 3 times for 5 min

each. The FISH hybridization signal was stained by the anti-DIG antibody-conjugated peroxidase and tyramide signal amplification

(FITC-TSA)/(DAPI). The images were acquired on a fluorescence microscope (NIKON Eclipse ci, JAPAN).

Dual-luciferase assay
The chemically synthesized fragments ofMus-Hoxc10 (Ensembl: Chr15: 102964014-102964265, Chr15: 10294797-10295065),Mus-

Pax1 (Ensembl: Chr2: 147340589-147341041), Mus-Foxp1 (Ensembl: Chr6: 98,971,277-98,971,646, Chr6: 99,003,798-99,004,060,

Chr6: 98,938,098-98,938,454), Lungfish-Foxp1 (Chr7:1,386,992,832-1,386,994,080, Chr7:1,387,112,483-1,387,113,686), Mus-

Foxp2 (Ensembl: Chr6: 15,377,659-1,538,036), Mus-Nrp1 (Ensembl: Chr8: 128424884-128425508), and Lungfish-Nrp1

(Chr3:2182603878-2182605198) were inserted into the pGL4.23 vector (Promega, USA) and were sequenced (TsingKe Biotech,

China). The sequence information of inserted fragments was listed in Table 1. The cells were seeded in 24-well plates. Twenty-

four h later, 100 ng constructed pGL4.23 vectors were co-transfected with 5 ng pRL-CMV as the internal control into HEK293T cells

using Turbofect reagent (ThermoFisher Scientific, USA). Cellular lysates were collected 36 h after transfection using passive lysis

buffer. Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) by a Multimode microplate

reader (Spark Tecan, Switzerland). Light output from transcriptional activity was divided by the output from Renilla luciferase activity

to normalize the samples.

Evolution of tooth related genes
A total of 51 genes were collected from a previous paper (Bei, 2009) for examination on 18 species, including elephant shark, zebra-

fish, stickleback, medaka, spotted gar, coelacanth, Western clawed frog, chicken, platypus, elephant, mouse and human from En-

sembl 96, brownbanded bamboo shark (GCA_003427335.1) and common lizard (GCA_011800845.1) from NCBI, bichir and alligator

gar (Bi et al., 2020), the African lungfish and the Australian lungfish (Neoceratodus forsteri). The gene set of the Australian lungfish

(N. forsteri) was assembled from the transcriptome data (SRR8131642, SRR3632078) downloaded from the NCBI SRA database us-

ing Trinity v2.8.5. For each gene, the protein sequences were collected, aligned by prank and a phylogenetic tree was reconstructed

by RAxML v8.2.12 to ensure they are ortholog genes. The alignment of the protein sequences was visualized by the software MEGA

v7.0 (Kumar et al., 2016) to manually check if there exist shared alternations in two lungfish species on the regions that are conserved

in other species. Lastly, for the identified genes, we applied the aBSREL model (Smith et al., 2015) of the HyPhy v2.5.15 package

(Pond et al., 2005) to estimate the selection pressure on the common ancestor of lungfishes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification approaches and statistical analyses used in the genome sequencing and assembly, genome quality assessment,

evolutionary analysis and comparative transcriptome analysis can be found in the relevant sections of the Method Details.
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Figure S1. Genome assembly and phylogenetic relationship of the African lungfish (Protopterus annectens), related to Figure 1

(A) Estimated genome size of African lungfish based on K-mer analysis. The result of Genome Scope can be viewed at the following URL: (http://qb.cshl.edu/

genomescope/analysis.php?code=nxoFwyt06pxboISs2lSC). (B) Flow cytometry histograms for chicken, grass carp, and African lungfish erythrocytes on the

basis of PI fluorescence dye. Left: Chicken and African lungfish contrast. Right: Grass carp and African lungfish contrast. (C) Distribution of ONT reads length. The

red-dotted line indicates the N50, 29,717. (D) The interaction map of Hi-C data. (E) Chromosomes lengths consistent with observed physical lengths. (F)

The depth of long and short reads mapped to scaffolds. Left: The depth distribution of short reads generated by MGISEQ 2000. Right: The depth distribution of

single molecule reads generated by ONT platform. (G) Ks distribution between paralogous of the axolotl, coelacanth, African lungfish, western clawed frog,

African clawed frog, and spotted gar. (H) The heterogeneity of gene trees. The blue, red, and green trees represent the most, second most, and third most

topological structures, respectively.
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Figure S2. Genome expansion and its effects on the African lungfish, related to Figure 2

(A) The estimated amplification time of repeat sequences. (B) Violin map of the relationship between gene length and expression level. The gene set of the African

lungfish was divided into five groups according to length from smallest to longest. Here the brain and lung were selected as representative tissues. (C) The

relationship between gene length and expression level. The organ brain and lung were selected as representatives. (D) Themost abundant protein domains in the

African lungfish and the axolotl. (E) The distribution of RVT_1 domains in different sizes (left: 1Mb, middle: 100Kb, right: 10Kb) of non-overlap sliding window in

the African lungfish genome assembly. (F) The expression pattern of genes containing KRAB domain and the genes containing RVT_1 domain in different tissues.
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Figure S3. Chromosomal fission and fusion events during the evolution of bony fishes, related to Figure 3

(A) The two fission events for the common ancestor of ray-finned fish. (B) The shared fusion events between western clawed frog and spotted gar; and between

lungfish and bichir. The red arrows indicate the fusion points in corresponding species.
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Figure S4. Genomic evolution of the respiration system during the water-to-land transition, related to Figure 4

(A) The expression Patterns of Slc34a2, Nkx2-1 and Nrp1 in five species. The red bar shows the genes that were tissue-specifically expressed in the lung.

(B) Appearance of a CNE in the intron region ofNrp1. (C) Results of in vitro reporter assays suggest theCNE in the upstreamofNrp1 could significantly improve the

expression level of luciferases. TheNrp1-CNE lungfish refers to the sequence of that CNE in the African lungfish genome, while theNrp1-CNEmouse refers to that

in the mouse genome. Significance was tested by Student’s t test and data are represented as mean ± SEM. (D) The Bayesian tree of the gene Sftpb across

vertebrates. The numbers in each label indicate the probabilities in percent. (E) The expression pattern of Sftpc in three species and Sftpb in five species. There

are three copies of Sftpc in the African lungfish, and two copies of Sftpc and Sftpb in the African clawed frog. ‘‘NA’’ in the heatmap indicates that data are not

available. (F) The Bayesian tree of Sftpa, Sftpd. The numbers in each label indicate the probabilities in percent. (G) The expression pattern of Sftpa/Sftpd/Mbl2 in

different species.

ll
Resource



0.2

Zebrafish

Medaka

Elephant shark
Coelacanth

Coelacanth

Stickleback

Elephant shark

Alligator gar
Zebrafish

Stickleback

Spotted gar

Spotted gar

Lungfish

Bamboo shark

Stickleback

Alligator gar

Bamboo shark

Zebrafish

Medaka

Medaka

100
100

100

100

100

100

100

100

100

51

100

91
100

100

100

100

100

100

100

Bichir

And1

And2

And1/2

And3

A B

E

Gill
Skin

Brain
Heart

Jaw
Liver

Lung
Muscle

Spinal cord

Alligator gar
0

200

Bichir
0

200

African clawed frog-a
0
4

African clawed frog-b
0.0
1.0

Lungfish
0

200

Mouse
0.0

0.2

Zebrafish
0

100
200

Tissue

M
ea

n 
R

PK
M

H

D

Pax1

Elephant shark
Alligator gar
Spotted gar

Bichir
Coelacanth

Lungfish
Western clawed frog

Lizard
Chicken
Platypus
Elephant

Mouse

(GRCh38, chr20:21,680,659-21,707,659)

50
100

F

G

C

880
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | .

E I A G K K I S M K E T K E L A I - - K S S K Q N V A S E K Q R R L L Y
E I A G K K I S M K E T K E L A I - - K S S K H N V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T L - - K S N K Q N V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T I - - K S N K Q S V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T I - - K S N K Q S V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T L - - K S N K Q S V A S E K Q R R L L Y
E I A G K K I A M K E T K E L T M - - K S N K Q S V A S E K Q R R L L Y
E I A G K K I A M K E T K E L T M - - K S S K Q S V A S E K Q R R L L Y
E I A G K K I S M K E T K E L V I - - K S N K Q S V A S E K Q R R L L Y
E I A G K K I S M K E T K E L A I T T K S S K H N V A S E K Q R R L L Y
E I A G K K I S M K E T K E L A I T T K S S K P S V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T I P T K T S K Q S V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T I P T K S S K Q S V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T I P T K S S K Q N V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T I P T K S S K Q N V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T I P T K S T K Q N V A S E K Q R R L L Y
E I A G K K I S M K E T K E L T I P T K S S K Q N V A S E K Q R R L L Y

890 900 910

Bamboo shark
Elephant shark

Bichir
Alligator gar
Spotted gar

Zebrafish
Medaka

Stickleback
Coelacanth

Lungfish
Frog

Lizard
Chicken
Platypus
Elephant

Mouse
Human

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

M I S S V K L N L I L V L S L S T M H V F W C Y - - - P V P S S K - V
M I G S L K L S F V L A L S L S V M H V L W C Y - - - P V L S S K - V
- - S L C R L N L L F I L WM S A M F V C S G Y P V G P S M V S H - L
- - - - - - - - - - - - - - - - - - - L F F C L - - - F L S S H C Q S
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Q - L
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Y F L I L L N S C P T R L D R S K E L A F L K P I L E K M F
Y F L I L L S S C P A R L E G S D R L A F L K P I L E K T S
Y C L V L L N S C L A K V G R S E E V A L L E P H L E M P F
Y C L V L L N S C L V E A D R S E E L A F L K P F L E K S F
Y C L V M L N N C L A E V E R T E E L A F L K P F L E K S F
Y C L A I L T N C V N E M K R R K N L A F L K P F L E K L F

. . . . | . . . . | . . . . |

Human G T G M K K T S F Q R A K S *
Mouse G S G A K K T S F R R A K Q *

Chicken G S G I K K T S F R R A K S *
G S G I K K N S F R R A K - -

Lungfish G S G I K K T S S R R A K S *
Coelacanth G E L L K A M S I K R - - - -

- - - -

|

S G K S D
P G K P D
Y G K S D

G K A D
S E K S D

D

S

. . . . | . . . . |

V K R S F - R N G V
M K R S F - R N G V
N K R S F - R N G V
M K R S F - R N G V
I K R S F - R N G V
K E T V F V V M G S

9080

40 50 60 70

10 20 30

Frog

Human
Mouse

Chicken

Lungfish
Coelacanth

Frog

Human
Mouse

Chicken

Lungfish
Coelacanth

Frog

Control Pax1-
CNE

mouse

0

2

4

6

Control Hoxc10-
CNE

mouse

0

10

20

30

40

p=0.001363

p=0.004744

Hoxb3
(LepOcu1, LG15:9,161,548-9,167,148)

Elephant shark
Alligator gar

Bichir
Coelacanth

African lungfish
Western clawed frog

Lizard
Chicken
Platypus
Elephant

Mouse
Human

50
100

Bichir

(legend on next page)

ll
Resource



Figure S5. Genetic changes related to locomotion, anxiolytic ability, and Pharyngeal remodeling, related to Figures 5 and 6

(A) The progressive loss of actinotrichia proteins in the African lungfish. The numbers in each label indicate the probabilities in percent. (B) Results of in vitro

reporter assays suggest the CNEs in the upstream of Hoxc10 could significantly improve the expression level of luciferases. Significance were tested by Stu-

dent’s t test and data are represented as mean ± SEM. (C) The protein alignments of Nps. The amino acids of coelacanth were translated from its corresponding

precursor sequence. (D) The 2 AAs insertion shared by lungfish and tetrapod in the gene Arfgef1. (E) The Vista plot of the lost CNE upstream of Hoxb3 that are

conserved in cartilaginous fishes, ray-finned fishes are lost in tetrapods. (F) The Vista plot exhibit a CNE upstream of Pax1 that gained by tetrapods. (G) Results of

in vitro reporter assays suggest the CNEs in the upstream of Pax1 could significantly improve the expression level of luciferases. Significance was tested by

Student’s t test and data are represented as mean ± SEM. (H) The expression of Gcm2 in different bony fish lineages. The expression level of the gene Gcm2 is

much lower in the gill of African clawed frog than that in ray-finned fish and lungfishes. Data are represented as mean ± SEM.
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Figure S6. The aestivation transcriptome and specific alternations in the Pax9 gene of the African lungfish, related to STAR methods

(A) The Spearman’s correlation between non-aestivated and aestivated samples in 11 tissues. (B) The number of Differentially expressed genes (DEGs). The red

bars indicate genes with upregulation in aestivated samples, while the blue bars indicate genes with downregulation in aestivated samples. (C) The shared

upregulation genes in multiple tissues of aestivated samples. (D) The specific mutations in the Pax9 gene in lungfishes, including the African lungfish and the

Australian lungfish. (E) The distribution of dN/dS (nonsynonymous substitution rate/synonymous substitution rate) in different nodes of the Pax9 gene. The

common ancestor of lungfishes (colored in red) were set as the foreground, and was significantly positively selected (p = 0.038).
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