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EVOLUTIONARY BIOLOGY

Developmental basis of evolutionary lung loss

in plethodontid salamanders

Zachary R. Lewis't, Ryan Kerney?, James Hanken'*

One or more members of four living amphibian clades have independently dispensed with pulmonary respiration
and lack lungs, but little is known of the developmental basis of lung loss in any taxon. We use morphological,
molecular, and experimental approaches to examine the Plethodontidae, a dominant family of salamanders, all of
which are lungless as adults. We confirm an early anecdotal report that plethodontids complete early stages of
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lung morphogenesis: Transient embryonic lung primordia form but regress by apoptosis before hatching. Initiation
of pulmonary development coincides with expression of the lung-specification gene Wnt2b in adjacent meso-
derm, and the lung rudiment expresses pulmonary markers Nkx2.7 and Sox9. Lung developmental-genetic path-
ways are at least partially conserved despite the absence of functional adult lungs for at least 25 and possibly
exceeding 60 million years. Adult lung loss appears associated with altered expression of signaling molecules that

mediate later stages of tracheal and pulmonary development.

INTRODUCTION

Vestigial structures provide a window into the evolutionary history
of animals as well as the developmental mechanisms that underlie
organ formation and loss (I1-3). Darwin emphasized the impor-
tance of organ rudiments in providing compelling support for evo-
lution by natural selection: “[rudimentary] organs may be compared
with the letters in a word, still retained in the spelling, but become
useless in the pronunciation, but which serve as a clue in seeking for
its derivation” [(4), pp. 455-456]. Common examples are the tran-
sient limb buds and rudimentary pelvic girdles found in numerous
tetrapods that have undergone limb loss (3, 5). Vestiges of internal
organs have received far less attention than those visible externally,
likely because detailed anatomical characterization is necessary to
observe them in the first place. However, internal organ rudiments
have the potential to reveal how organ loss can occur in highly
pleiotropic genetic networks and within tightly integrated develop-
mental systems.

One instance of organ loss at the base of a major adaptive radia-
tion is provided by the salamander family Plethodontidae (Fig. 1A).
This is the most speciose family of salamanders; it accounts for
more than two-thirds of extant salamander diversity (6). However,
all adult plethodontids are lungless; they respire entirely through
nonpulmonary tissues, mainly the skin and buccopharyngeal mu-
cosa (7, 8). Lung loss has occurred independently at least three
additional times among distantly related amphibians, and other in-
stances of lung reduction or loss are common among both amphib-
ians and other vertebrates (Fig. 1A) (I, 9-11). While the adaptive
significance and ecological context of lung loss in plethodontids
are highly debated (12, 13), little is known about its developmental
underpinnings (14).

The discovery of lunglessness in plethodontids in the late 19th
century triggered the search for a vestigial lung (15, 16). The most
extensive study was by A. G. Mekeel, a doctoral student at Cornell
University in the 1920s, who compared lung morphogenesis in the
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spotted salamander, Ambystoma maculatum (Ambystomatidae), to
development in plethodontids. Although Mekeel (17) could find no
trace of a lung, or even a glottis, in adult plethodontids, she de-
scribes in her dissertation incipient stages of lung development in
embryos: A lung rudiment is present transiently but disappears be-
fore hatching. Unfortunately, except for a single conference abstract
(18), Mekeel’s research was never published and her work is largely
forgotten. Moreover, researchers have largely neglected this phenom-
enon over the subsequent 90 years.

In this study, we evaluate, correct, and extend the initial mor-
phological accounts of lung loss in plethodontids and explore their
developmental and genetic correlates. We confirm that an incipient
lung does form in embryos of several species; its morphological fea-
tures closely resemble those seen in the axolotl, Ambystoma mexicanum,
a lunged salamander in the family Ambystomatidae (19-21). These
features are likely conserved since the plethodontid lineage diverged
from other living salamander families more than 100 million years (Ma)
ago (22) and despite subsequent lung loss. However, the lung anlage
in plethodontids is only present transiently; it regresses by pro-
grammed cell death, or apoptosis, well before hatching. We also find
characteristic embryonic expression of several genetic markers that
are associated with lung development in the axolotl as well as other
tetrapods—mesenchymal Wnt2b (23-25), endodermal Nkx2.1 (26-28),
and Sox9 (28, 29). Last, heterospecific grafting experiments involv-
ing lunged-salamander embryos suggest that in plethodontids, the
foregut endoderm, one of two primary cell populations that con-
tribute to the adult lung, is competent to respond to pulmonary in-
ductive cues from adjacent mesoderm and extend the development
of pulmonary diverticula beyond that achieved during normal de-
velopment. Plethodontid salamanders, despite lacking any trace of
lungs as adults, partially conserve as embryos the developmental-
genetic pathways that mediate pulmonary development in verte-
brates generally (30).

RESULTS

Lungless salamanders develop a lung rudiment

We analyzed developmental series of lungless salamanders (Plethodon-
tidae) to determine whether a lung rudiment forms embryonically.
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Fig. 1. All plethodontid salamanders are lungless as adults, but lungs begin to form in embryos. (A) Lungs have been lost independently at least four times among
living amphibians (red font), but Plethodontidae is the only clade in which all species are lungless as adults. Cladogram and species numbers are from (6). (B) X-ray micro—-
computed tomography (uCT) scan of a P. cinereus embryo, stage Pc18, which has completed initial stages of lung formation. The sagittal orthoslice shows the lung rudi-

ment [laryngotracheal tube (LT)] descending from the floor of the pharynx. Endoderm is shaded purple.
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Fig. 2. Lung development in a lunged salamander, A. mexicanum. (A) Lung development begins by embryonic stage Am38 with the appearance of a median laryngo-
tracheal groove (LG) in the floor of the pharynx (PH). (B) The groove extends ventrally and caudally to form the LT at stage Am39. (C) Lung buds are visible in a more
posterior section at stage Am40. Transverse sections; dorsal is at the top. AT, atrium; HE, heart; NO, notochord; NT, neural tube; SV, sinus venosus. Scale bars, 50 um.

We focused primarily on Plethodon cinereus, the eastern red-backed
salamander, a direct-developing species that lacks a free-living,
aquatic larva (31, 32). Additional series were prepared from two dis-
tantly related metamorphosing species, Desmognathus fuscus, the
northern dusky salamander, and Hemidactylium scutatum, the
four-toed salamander. These series were compared to embryos of
A. mexicanum, the axolotl.

The first morphological sign of lung development in A. mexicanum
is the formation at stage Am38 of a median laryngotracheal groove
(LG) in the ventral foregut (Figs. 2A and 3, A and B). This groove
becomes a distinct diverticulum, the laryngotracheal tube (LT; or
lung rudiment), which emerges during stage Am39 from the ventral
foregut dorsal to the heart at the axial level of the division between
the sinus venosus and atrium (Fig. 2, A and B). The LT then elon-
gates and bifurcates and becomes surrounded by lung mesenchyme
by stage Am40, when lung buds are clearly visible at its caudal end
(Figs. 2C and 3, E and F). Lung buds and trachea, the latter triangu-
lar in cross section, are further enlarged at stage Am41 (Fig. 3G).
The trachea is well developed by Am43 and the glottis is distinct by
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Am44 (hatching), when the lungs are simple saccular structures with
walls approximately two cell layers thick (Fig. 3, H to J).

Similar morphogenetic events occur initially in lungless P. cinereus.
An LG begins to form during stage Pc17 and is clearly visible by
early-stage Pc18 (Fig. 4). By late-stage Pc18, the LT comprises a postero-
ventral diverticulum from the foregut, which has a lumen continuous
with the pharynx (Figs. 1B and 5, A to D). The LT of P. cinereus
resembles that of A. mexicanum; both feature a simple cuboidal
epithelium surrounded by ventral mesenchyme (Figs. 3F and 5D).
Likewise, at early stages in each species, the LT diverticulum is flat-
tened ventrally and bears slight lateral flanges, which precede for-
mation of paired lung buds (Figs. 3F and 5C). The LT appears
less distinct in the mesolecithal egg of A. mexicanum because of the
broad distribution of yolk platelets, which slightly obscure histolog-
ical morphology at early stages. In the telolecithal egg of P. cinereus,
the abundant yolk stores are instead sequestered in the endoderm,
leaving the LT readily apparent.

The LT in P. cinereus continues to elongate through stage Pc21,
when pulmonary development begins to diverge histologically from
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Fig. 3. Lung development in a lunged salamander, A. mexicanum. (A and B) The LG is visible in a midsagittal section through the head at stage Am38. Boxed area in
(A) is enlarged in (B). (C and D) The groove extends ventrally and caudally to form the LT dorsal to the heart (HE) at stage Am39. Boxed area in (C) is enlarged in (D). (E and
F) At stage Am40, the elongate and bifurcated LT is surrounded by lung mesenchyme (LM). (G and H) The developing trachea (TR) is surrounded by lung mesenchyme at
stage Am41 and is fully formed by stage Am43. Inset box in (G) depicts a transverse section at the axial level indicated by the red dashed line. (I) The glottis (GL), first de-
tectable at stage Am43, is distinct by stage Am44. (J) Lungs are fully formed by hatching. (F) is a transverse section; other panels are midsagittal sections; anterior is to the
left. TA, truncus arteriosus; VE, ventricle. Scale bars, 50 um.
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Fig. 4. Formation of the LG in the lungless salamander P. cinereus visualized by using nCT. (A to C) Pharyngeal and foregut morphology at stage Pc17: (A) Transverse
histological section through the putative lung region shows a wide, rectangular pharynx (PH) dorsal to the sinus venosus (SV). (B) Oblique lateral view of a 3D reconstruc-
tion of an endocast of the pharynx (purple) overlaid on a representative orthoslice. (C) Pharyngeal endocast viewed from posterior, oblique lateral, ventral, and lateral
perspectives; interior lumen is shaded gray. The LG is beginning to form. (D to F) Stage Pc18: (D) Transverse histological section; the LG is well developed. (E) Oblique
lateral view of a three-dimensional (3D) reconstruction of an endocast of the pharynx (purple) overlaid on a representative orthoslice. (F) The pharyngeal endocast viewed

from posterior, oblique lateral, ventral, and lateral perspectives. Scale bar, 100 um.

that of lunged A. mexicanum. Signs of regression, first visible during
late-stage Pc21, include shortening and collapse of the tube (Fig. 5E).
Rates of apoptosis in the lung rudiment were assessed by terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end labeling (TUNEL) at stage Pc20, before morphological in-
dications of regression, and compared to rates in A. mexicanum at
a similar stage (Am41; Fig. 6A). Rates are significantly higher in
P. cinereus (P < 0.05; 6.3 + 0.64%, N = 4 versus 1.2 + 0.14%, N = 4;
Fig. 6C). Apoptotic figures are found mainly in the proximal LT and
the surrounding anteroventral mesenchyme (Fig. 6B). No apoptosis
is visible in the mesenchyme surrounding the caudal tip of the LT,
and very few apoptotic cells are seen throughout the rest of the
embryo. The lung rudiment continues to morphologically regress
during stage Pc22, when there is no longer any sign of an epithelial
evagination and a long, thin strip of mesenchymal cells occupies the
former location of the LT (Fig. 5F). By stage Pc23, there is no sign of
either the condensed mesenchyme or the epithelial diverticulum
(Fig. 5, G and H).

A lung rudiment also forms in embryos of the plethodontid spe-
cies H. scutatum and D. fuscus (Fig. 7). LT development and regres-
sion in D. fuscus closely resembles that of P. cinereus, whereas in
H. scutatum the rudiment appears to be present for a shorter dura-
tion. In all plethodontid species examined, the LT emerges at the
embryonic stage when the gills begin to branch and in the same
axial position as the LT in A. mexicanum—dorsal to the division
between the atrium and sinus venosus of the heart.

Lewis et al., Sci. Adv. 8, eabo6108 (2022) 17 August 2022

Genetic markers of lung development are expressed

in plethodontid salamanders

In embryos of P. cinereus, Wnt2b, a marker of lung specification, is
expressed at stage Pc18 in two mesenchymal domains that surround
the LG (Fig. 8A), precisely matching the pattern observed in other
vertebrates, including Xenopus laevis (28) and mammals (23, 33).
Expression persists during formation of the LT at stage Pc19 (Fig. 8,
B and C), when the lung rudiment begins to express Nkx2.1, an early
marker of pulmonary identity, specifically along its luminal surface
(Fig. 8, D to F). This latter expression persists until Pc21, when the
rudiment begins to regress. Sox9, a marker for pulmonary differen-
tiation and distal lung identity, is expressed broadly at stage Pc19,
including in the lung rudiment, but its expression is stronger and
more specific to the LT at stage Pc21 (Fig. 8, G and H). Sox9 expres-
sion is also observed in the head and heart. In A. mexicanum, Sox9
is weakly expressed in the lungs at stage Am42, but expression in-
tensifies in the luminal surface of the lung by stage Am44.

Several genetic markers of developing and mature mammalian
lungs have been identified through bioinformatic and genetic meth-
ods (34, 35), and expression patterns of many of them are conserved
in lunged amphibians [e.g., Xenopus; (28)]. We sequenced the tran-
scriptome of the LT of P. cinereus at stages Pc19 and Pc21 to
determine whether the gene expression profile of the LT overlaps
with that of a developing lung. LT transcriptomes for embryonic
A. mexicanum (stage Am40) and a single juvenile lung sample were
compared to P. cinereus LT transcriptomes to assess lung marker
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Fig. 5. Embryonic formation and regression of the LT in the lungless salamander P. cinereus. (A and B) Distinct glottis (GL) and LT form at stage Pc18. Boxed area in
(A) is enlarged in (B). (C) Initially, the LT diverticulum is flattened ventrally and bears slight lateral flanges (arrow), which precede formation of paired lung buds. (D) By
stage Pc19, the LT has elongated ventrally and caudally; its lumen is lined by a simple cuboidal epithelium surrounded by ventral mesenchyme. (E and F) Later sections
show incremental collapse of the LT during stages Pc27 and Pc22, when it forms a band of thin mesenchyme with only a small endodermal outpocketing (arrowheads).
(G and H) The LT is absent by stage Pc23, before hatching. Boxed region in (G) is enlarged in (H). (A), (B), and (D) to (H) are midsagittal sections; anterior is to the left; (C) is

a transverse section. LI, liver. Scale bars, 50 um (B to E and H) and 150 um (A and G).

expression (Table 1). P. cinereus expresses a number of markers for
alveolar type II cells in the LT, including Lamp3, Abca3, and all four
pulmonary surfactant proteins A, B, C, and D. Markers of proximal
or distal lung identity, such as Sox2, Fox/1, and the aforementioned
Sox9, are also expressed at both developmental stages, as are lung
development markers such as the Fgfl10-induced transcription fac-
tors Etv4 and Etv5. These expression data offer further evidence
that lungs begin to form in lungless salamanders and of the homol-
ogy of the LT from P. cinereus to the LT from A. mexicanum and
other lunged tetrapods.

Lewis et al., Sci. Adv. 8, eabo6108 (2022) 17 August 2022

Differential expression analysis comparing two embryonic
stages of P. cinereus reveals both up-regulation and especially down-
regulation of several genes (tables S1 and S2). The Wnt effector
B-catenin (Ctnnbl) is significantly down-regulated at Pc21 relative
to Pcl9, as are the apoptotic regulators Bcl2l1; the latter decrease is a
signature of apoptosis. At the same time, Fgf2, which induces Nkx2.1
early in lung development and later has a role in alveolar differenti-
ation (36, 37), is up-regulated between Pc19 and Pc21. Gene ontology
(GO) term enrichment analysis was used to examine broad catego-
ries of differentially regulated genes. Several GO categories related
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Fig. 6. The lung rudiment in plethodontid embryos regresses by apoptosis. (A and A") Embryos of A. mexicanum at stage Am41 display few apoptotic cells in the
foregut region as assessed by TUNEL staining. The red dashed line outlines the trachea (TR). Boxed area in (A) is enlarged in (A’). (B and B’) Embryos of P. cinereus at early-
stage Pc20, one stage before regression is visible histologically, have numerous apoptotic cells (brown staining) in the LT and surrounding mesenchyme. Few apoptotic
cells are present in other tissues. Boxed area in (B) is enlarged in (B'). OFT, outflow tract (heart). (C) The rate of apoptosis in endoderm of the lung rudiment is significantly
higher in P. cinereus (Mann-Whitney U test, P < 0.05). Vertical brackets indicate one SE on either side of each mean value. (A) and (B) depict midsagittal sections; anterior

is to the left. Scale bars, 100 um (A and B) and 50 um (A’ and B’).

to apoptosis are overrepresented in the genes up-regulated at Pc21,
presaging the regression of the lung rudiment (fig. S1). These cat-
egories include B cell apoptotic process and its regulation, lymphocyte
apoptotic process and its regulation, and leukocyte apoptotic process.

Lunged-salamander mesenchyme promotes pulmonary
diverticulum development in lungless salamanders
Reciprocal signaling between foregut endoderm and underlying
mesoderm mediates lung specification and morphogenesis (38). We
attempted to prolong lung development in embryos of the lungless
species H. scutatum by heterospecific transplantation of splanchnic
mesoderm from embryonic A. mexicanum. These experiments as-
sess the extent to which arrested development of the pulmonary
rudiment in lungless salamanders may be due to the absence of ap-
propriate inductive signals from mesoderm as opposed to dimin-
ished competence of the foregut endoderm.

Homotypic donor grafts of green fluorescent protein-positive
(GFP™) A. mexicanum lateral plate mesoderm (LPM) were trans-
planted into H. scutatum host embryos at the 3- or 4-somite stage,
and the resulting chimeras were reared for approximately 30 days
(Fig. 9). Of 80 unilateral transplantations attempted, 49 survived.
Of these, nine (18%) show advanced pulmonary development. In
each case, an ectopic endodermal diverticulum emerges from foregut
endoderm dorsal to the heart and is surrounded by GFP" splanchnic
mesoderm derived from A. mexicanum (Fig. 9, C and D). The uni-
cameral diverticulum extends caudally, ventral to the liver, and ap-
pears light-colored in whole mounts (Fig. 9C). This tube is always
unpaired, perhaps reflecting the exclusively unilateral grafts. Six

Lewis et al., Sci. Adv. 8, eabo6108 (2022) 17 August 2022

of the surviving chimeras were sectioned and immunostained for
GFP. In each one, a clearly visible ectopic endodermal diverticu-
lum composed of a spongy, columnar epithelium is invested by
A. mexicanum-derived splanchnic mesoderm (Fig. 9, G and H). One
chimera even has a glottis-like structure proximally with underlying
donor-derived mesenchyme (Fig. 9F). None of the mock transplant
controls, in which the ectoderm was peeled back from H. scutatum
embryos, then the LPM was first excised and then transplanted back
in place, developed lung-like structures. Transplant recipients were
not examined for molecular markers of lung development due to the
absence of in situ probes for H. scutatum and the lack of cross-reactive
antibodies for pulmonary endoderm in salamanders.

DISCUSSION

Lung development in lungless salamanders

Lungless salamanders (Plethodontidae) are not lungless, or at least
not as embryos. Instead, plethodontid embryos begin to form lungs,
which regress before hatching. Initial development of the lungs in
plethodontid salamanders and in A. mexicanum (Ambystomatidae)
coincides with the onset of gill branching. Similarly, a transient LT
arises at precisely the same axial location in both plethodontids and
A. mexicanum, viz., dorsal to the division between the atria and the
sinus venosus of the heart (Figs. 1B,2 to 5, and 7). This morpholog-
ical structure is present in embryos of P. cinereus, D. fuscus, and
H. scutatum. These three species together constitute a broad phylo-
genetic sampling of plethodontid salamanders, representing both
of the currently recognized subfamilies, Plethodontinae and
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Fig. 7. An LT also forms in the lungless salamanders D. fuscus and H. scutatum. (A) The LT forms at stage Pc18. Its endodermal extent is outlined by a yellow dashed
line. (B to D) The LT diverticulum elongates during stages Pc19 and Pc20. Boxed area in (C) is enlarged in (D). (E and F) The LT appears to collapse distally and stop elon-
gating at stage Pc21. Boxed area in (E) is enlarged in (F). (G) Transverse section through the LT. (H) 3D histological reconstruction of the LT from (G) in an oblique lateral
view. (A) to (F) are midsagittal sections; anterior is to the left. Scale bars, 100 um (A to E and H) and 50 um (F and G). Stages are matched to those of P. cinereus (68); for

Hemidactylium, Pc23 is roughly equivalent to Hs28 (69).

Hemidactyliinae (22, 39), and two different life histories. We see no
indication, however, that life history mode is correlated in any pro-
nounced way with development of the lung rudiment, including
its duration. For example, development and regression of the LT in
D. fuscus, a metamorphosing species, closely resembles that in
P. cinereus, a direct developer, whereas the rudiment is present for a

Lewis et al., Sci. Adv. 8, eabo6108 (2022) 17 August 2022

shorter duration in H. scutatum, another metamorphosing species. In
P. cinereus, the lung rudiment expresses several genetic markers typi-
cally associated with pulmonary development in lunged vertebrates
(Fig. 8). Expression of Wnt2b in mesenchyme flanking the LG, the
precursor to the LT, is identical to expression that mediates lung
specification in frogs (28) and mice (23). Once the LT forms, it
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Fig. 8. Embryos of P. cinereus express markers of lung specification and development. (A to C) Wnt2b is expressed before and during outgrowth of the LT. Dashed
lines outline the pharynx and foregut. (A) The LG is flanked by lateral foci of Wnt2b-expressing mesenchyme (arrowheads) in a transverse section at stage Pc18. (B) Wnt2b
is expressed lateral to the LT in a parasagittal section at stage Pc19. Anterior is to the left. (C) Negative control with labeled Wnt2b sense-strand probe of a section at the
same position as (B). While some probe-trapping is visible in the pharynx (PH), adjacent mesenchyme is unstained. (D to F) Nkx2.1 is expressed in the LT. (D) Transverse
section at stage Pc19. (E) Nkx2.1 is expressed specifically in luminal cells that line the LT (dashed line). Midsagittal section; anterior is to the left. (F) Negative control with
labeled Nkx2.1 sense-strand probe. (G) Sox9 is expressed in the LT at stage Pc21. Midsagittal section; anterior is to the left. (H) Boxed area in (G). Sox9 is expressed through-

out most of the LT (dashed line). Scale bars, 100 um.

expresses the homeobox gene Nkx2.1, the earliest specific marker of
pulmonary identity (26-28, 40), and by stage Pc21, the LT expresses
the distal pulmonary marker Sox9 (28, 29).

In P. cinereus, the lung rudiment continues to develop for ap-
proximately 3 weeks (at a rearing temperature of 15°C) before it
begins to regress. Regression occurs by apoptosis, particularly in the
proximal epithelium (Fig. 6). Since a rudiment is specified and then
develops for a substantial period, lung regression may represent the
cessation of lung growth and/or the loss of lung maintenance. Al-
ternatively, cues for active degeneration may cause developmental
arrest and regression.

Lung rudiment specification and morphogenesis, and the ex-
pression of pulmonary markers, illustrate that portions of the
ancestral vertebrate lung-development pathway have been con-
served in plethodontids over the millions of years of evolutionary
history since lungs were lost in adults. Pleiotropy offers one possible
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explanation. The lung rudiment, for example, may play important
roles in the development of adjacent organs such as the heart
(7, 33, 41-44), or the gene-regulatory networks that govern initial
lung formation are conserved because of their pleiotropic roles in
the development of other organs, such as the gene Sonic hedgehog
(Shh) in limb development (3, 45, 46). A similar phenomenon is seen
in the living coelacanth, Latimeria chalumnae, in which a well-
developed and potentially functional lung forms in the embryo but
is reduced to a vestigial, nonfunctional lung in the adult (I). This
vestige, however, is closely associated with a unique buoyancy or-
gan, the “fatty organ,” whose initial development may require the
presence of a lung.

Observed patterns of gene expression also provide insights into
the developmental mechanism that mediated evolutionary lung loss.
Sox9, for example, plays a role in tracheal cartilage development and
distal lung morphogenesis (34, 47). In embryonic mice, the gene is
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Table 1. Lung marker expression in embryonic lung rudiments of lungless P. cinereus and in embryonic and juvenile lungs of A. mexicanum. Black squares
indicate genes that were identified by tblastn or blastp searches. E values represent blast hits between P. cinereus and the noted annotated gene. Transcripts
Nkx2.1 through Etv5 are expressed in embryonic cells before cell type differentiation. AT2, alveolar type 2; Cpict, Chrysemys picta bellii; Fdama, Fukomys
damarensis; Ggall, Gallus gallus; Hsap, Homo sapiens; Xlaev, Xenopus laevis; Xtrop, Xenopus tropicalis.

Gene P. cinereus A. mexicanum

SECRIEIE RO Zt’:g‘e) Adult Cell type E value ac:lecslsailon PCID
Sftpa [ ] [ | [ ] [ ] AT2 1e-55 (Ggall) NP 989937 1 c1013790_g1_i1
sftpb . e . e . - . [ AT2 R 4e_73(x|ae\,) R ABH09132 R c36761 7_91_”
sftpc” - [ N . e . [ ATz P 4e 17 (Fdama) . XM 010624309 1,. o c4587ig17”
sftpd' . e . [ N . [ AT2 P 3e 94 (cp|ct) et AEJ87258 1 S 513945_92_”

3
=
S
EEEEEEER
EEEE

expressed in lung mesenchyme surrounding the trachea and in distal
lung epithelium (29). Its expression in LT epithelium of P. cinereus
suggests a distal identity of the LT in plethodontids. Mutations of-
ten act modularly to promote proximal (tracheal) or distal (lung)
development ventrally or esophageal development dorsally (table S3)
(48). Examples include knockouts of the genes Shh and Bmp4, which
specifically abrogate tracheal development while partial lungs still
form (49, 50). Both Shh and Bmp4 knockout phenotypes are likely
mediated through down-regulation of Nkx2.1 (51), and they con-
trast with Fgf10 knockout models, in which the trachea develops but
distal lung development is mostly inhibited (52). Expression of Sox9
throughout the LT (Fig. 8) suggests that lungless salamanders lack
the proximal portion of their lungs and trachea in a manner consist-
ent with mutations that lead to decreased Nkx2.1 expression.

In mammals, most known mutations associated with lung loss
or developmental arrest are in signaling molecules (table S3) (37).
This outsized role of signaling pathways in lung development re-
flects the dependence of lung patterning on a series of reciprocal
interactions between the endoderm and underlying mesoderm
(26, 38). The same signaling pathways are conserved across verte-
brates, and experimental perturbation of these pathways results in
lung loss in frogs (25). Transplantation of LPM from a lunged
salamander into H. scutatum, a lungless species, extends lung
development into post-embryonic stages (Fig. 9). In other words, the
foregut endoderm of H. scutatum, and presumably other plethodontid
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species, remains competent to respond to pulmonary inductive
cues and extend the development of pulmonary diverticula, where-
as the splanchnic mesoderm appears not to produce the inductive
or maintenance signals required to prolong lung development.
Lung loss likely reflects altered expression of signaling molecules
that mediate later stages of tracheal and pulmonary development.
Lung primordia transcriptomes for two embryonic stages of
P. cinereus present an opportunity to investigate the differential ex-
pression of transcripts between critical developmental time points and
further probe possible mechanisms of lung loss in adult plethodon-
tids. Because of the numerous potential pitfalls and biases associated
with controlling for species-specific transcriptional differences (53),
we did not attempt to analyze cross-species differential expression
between Plethodon and Ambystoma. While in situ hybridization re-
veals typical canonical Wnt signaling during early stages of lung
development at Pc18 and Pc19 (Fig. 8, A to C), down-regulation of
the Whnt effector B-catenin (CtnnbI) by Pc21 suggests that canonical
Wht signaling decreases during lung regression. Multiple studies sup-
port the strong dependence of lung development on canonical Wnt
signaling (23-25, 54), but the role of Wnt varies with time. Early sig-
naling is involved in lung specification (25), whereas later signaling
serves primarily to promote distal alveolar epithelial identity (55) and
overactivation of Wnt signaling at later stages inhibits lung differ-
entiation (56). Differential expression of Ctnnbl between Pc19 and
Pc21 may be indicative of defective lung differentiation in P. cinereus.
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Hemidactylium #207
Ambystoma LPM

Hemidactylium #207
Ambystoma LPM

Hemidactylium #72 Hemidactylium #72
Ambystoma LPM Ambystoma LPM

Glottis ‘ \

Pharynx

Hemidactylium #72
Ambystoma LPM

Fig. 9. Transplantation of lunged A. mexicanum lateral plate mesoderm (LPM) into lungless H. scutatum generates a putative lung. (A to D) Same transplant recipient
2,9, and 30 days posttransplant (dpt). The A. mexicanum graft is GFP* and has contributed to splanchnic mesoderm surrounding the foregut. (A and B) Lateral views;
anterior is to the left. (C and D) Ventral views of the larva at 30 dpt, with and without bright-field illumination, illustrate formation of an ectopic median diverticulum
surrounded by A. mexicanum-derived splanchnic mesoderm (dashed yellow line). The diverticulum emerges from the pharynx dorsal to the heart (dashed white line) and
terminates ventral to the liver. The gallbladder emits autofluorescence, as do some pigment cells in the skin. (E to H) Transplant recipient #72 2 and 30 dpt. (E) Lateral view;
anterior is to lower left. (F) Transverse section through the pharynxillustrates formation of a glottis supported by A. mexicanum-derived splanchnic mesoderm. (G) A more
posterior section shows the ectopic diverticulum, which emerges from the foregut. (H) Enlargement of boxed region in (G). Scale bars, 100 um (A to G) and 50 um (H).
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Homology of the lung rudiment in plethodontids

Both morphological and, increasingly, genetic data have been used
to establish the homology of lungs among distantly related verte-
brates and between lungs and other respiratory organs, such as the
swim bladder of ray-finned fishes (1, 57). Data presented here offer
definitive evidence that lungs begin to form in plethodontid sala-
manders and of their homology with the lungs of other tetrapods.

The search for a lung rudiment in plethodontid salamanders be-
gan soon after lunglessness was discovered in the late 19th century
and continued for decades. Both Wilder (16) and Liidike (15)
claimed to observe a vestigial glottis in adults, although Mekeel (18)
was unable to document even a rudimentary glottis in her study of
P. cinereus, D. fuscus, and H. scutatum. On the basis of our ontoge-
netic data and examination of adult animals, we believe that both
Wilder and Liidike misidentified as the glottis an unrelated trans-
verse fold in the floor of the pharynx that forms embryonically as
the initial primary tongue is replaced by the secondary (soft) tongue
[Figs. 1, A and B, and 2A in Budzik et al. (58)]. Mekeel (18), relying
solely on developmental morphology, was the first person to report
a transient lung rudiment in plethodontids. Our observations largely
concord with hers, including the presence early of lateral outpock-
etings from the pharynx, which in a lunged salamander presage for-
mation of paired lung buds, and the coincidence of initial stages of
lung formation with the onset of gill branching, as occurs in lunged
salamanders. We do not, however, replicate Mekeel’s observation
that the caudal portion of the rudimentary lung forms vestigial
endodermal tissue in the dorsal wall of the sinus venosus following
regression. Aside from a single conference abstract, Mekeel’s results
never appeared in an academic journal, and we have found only
four studies published in the subsequent 90 years that cite either that
abstract or her unpublished dissertation (8, 59-61). It is very unfortu-
nate that this talented young woman’s discovery was not published
in full or more broadly publicized, and that she has not received due
credit for her important contribution.

We regard the LTs of plethodontid and lunged salamanders to
be homologous based on their shared timing of emergence, embry-
onic morphology, axial position, and expression of several pulmonary-
associated candidate genes assessed by in situ hybridization.
Transcriptome profiling of the LT further reveals that many addi-
tional lung genetic markers are also expressed within this tissue
(Table 1). In principle, the LT of plethodontids might be confused
with the embryonic ultimobranchial body, which also forms as a
transient endodermal diverticulum and ultimately fuses to the thy-
roid. The ultimobranchial body, however, develops far anterior and
lateral to the lung rudiment and is derived from a paired pharyngeal
pouch (31, 62-65). Neither property applies to the LT.

Both morphological and molecular data corroborate that the lung-
less salamanders (Plethodontidae) undergo early stages of pulmo-
nary development and form a lung rudiment, which subsequently
regresses by apoptosis. Expression in the transient rudiment of several
genetic markers of lung specification and differentiation suggests
evolutionary conservation of inductive interactions that govern at
least initial stages of lung formation in tetrapods generally. It is not
possible at present to pinpoint exactly when during the early history
of plethodontids lungs were lost from adults. The plethodontid fos-
sil record is sparse, and even if it were rich, it would be difficult to
infer the presence or absence of “soft” respiratory structures such as
lungs, which typically fossilize poorly (66). Recent molecular phylo-
genetic analysis posits divergence among extant plethodontid clades
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beginning around 66 Ma ago (22). If adult lung loss evolved once in the
common ancestor of all living species, then in theory this might have
occurred anytime between 66 and 110 Ma ago, when Plethodontidae
diverged from Amphiumidae, its closest living—and lunged—relative.
Alternatively, it is possible that lung loss instead evolved inde-
pendently in different plethodontid lineages subsequent to their
initial diversification. The oldest fossil plethodontids, from the late
Oligocene around 25 Ma ago, are assigned to living genera Aneides
and Plethodon (22, 67); these records likely set a minimum age for
the evolution of lunglessness in the clade. Regardless of the exact
timing of lung loss in plethodontids, studying its developmental basis
provides insights into the mechanisms that underlie macroevolutionary
organ loss associated with a major evolutionary radiation. This, in
turn, opens future avenues to explore the genetic basis of plethodontid
lung loss in greater detail and to determine whether lung loss in other
vertebrate lineages has evolved by similar or different means.

MATERIALS AND METHODS

Experimental design

The study sought (i) to assess the presence or absence of a lung rudi-
ment in plethodontid salamander embryos based on both morpho-
logical and genetic criteria; (ii) following discovery of a lung rudiment,
to establish whether the mechanism underlying its regression and
loss before hatching involves programmed cell death (apoptosis);
(iii) to identify whether the rudiment retains key genetic signaling
components characteristic of lung development in vertebrates gen-
erally; and (iv) to begin to assess experimentally whether the pletho-
dontid lung rudiment is capable of sustaining lung development to
later stages when exposed to appropriate cues from lunged-salamander
precursors. Analytical and experimental methods include standard
histology, micro-computed tomography (uCT), in situ gene expres-
sion and transcriptome sequencing, quantification of apoptosis via
TUNEL staining, and heterospecific transplantation of LPM between
lunged and lungless salamander embryos. The Mexican axolotl,
A. mexicanum, was used as a reference lunged salamander.

Embryo collection and husbandry

Animal protocols were approved by Harvard University’s Institu-
tional Animal Care and Use Committee (protocol 99-09). Plethodontid
embryos were collected under Massachusetts Division of Fisheries and
Wildlife (DFW) permits and, where needed, additional local permits:
DFW 181.10SCRA (2010), 080.11SCRA (2011), 080.11SCRA (2012),
027.13SCRA (2013), 083.14SCRA (2014), and 022.15SCRA (2015);
Cape Cod National Seashore CACO-00214 (table S4).

Embryos were maintained at 15° to 17°C on filter paper moistened
with 0.1x MMR (Marc’s Modified Ringer solution: 0.01 M NaCl,
0.2 mM KCI, 0.1 mM MgSOy, 0.2 mM CaCl,, and 0.5 mM Hepes,
pH 7.4) and gentamicin (100 pg/ml; Sigma-Aldrich, St. Louis, MO)
or fully immersed in that solution. They were monitored daily for
fungal infections, which were treated by dechorionating embryos
and rearing in solution. Staging was performed as described for
P. cinereus (68) and H. scutatum (69). D. fuscus stages correspond to
those in P. cinereus. A. mexicanum embryos were obtained from the
Ambystoma Genetic Stock Center, University of Kentucky. Embryos
were reared in 20% Holtfreter solution at 17°C and staged accord-
ing to Bordzilovskaya and colleagues (70). Developmental stages of
each species are abbreviated in the text by using the first letters of
the Latin binomial followed by the stage number, e.g., “Am38” for
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stage 38 of A. mexicanum. Embryonic morphologies of A. mexicanum
and P. cinereus are distinct, but it is possible to identify comparable
stages of development by noting the formation of several relatively
invariant features. These include the formation and branching of
external gills and development of the heart, eyes, and limbs (68, 70).
We performed all interspecific comparisons at equivalent stages based
on these criteria.

Histology
Embryos were fixed in neutral-buffered formalin or Bouin fixative
and processed for histology and imaging (7).

pCT and histological reconstruction

X-ray CT was performed on specimens stained for several days with
phosphomolybdic acid (7, 71). Three-dimensional (3D) reconstruc-
tions from uCT data were completed in Amira 6.0 (FEI Visualiza-
tion Sciences Group, Houston, TX). For 3D reconstruction from
histological data, color images of serial sections were made with a
compound microscope and converted to monochrome format. The
latter images were imported into Amira and aligned using the Align
Slices module. Virtual endocasts of pharyngeal and foregut spaces
were segmented using the segmentation editor.

Polymerase chain reaction and probe design

RNA from several embryonic stages was extracted using TRIzol reagent
(Thermo Fisher Scientific, Grand Island, NY) and converted to cDNA
with an iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). Poly-
merase chain reaction (PCR) amplicons generated with primers (table
S5) were cloned into the pcrII-TOPO vector (Invitrogen, Waltham,
MA). Clones were sequenced, and in situ hybridization probes were
constructed using Ambion MAXIscript SP6/T7 enzymes (Thermo
Fisher Scientific) and digoxigenin-labeled uridine triphosphate (UTP)
(Roche, Penzberg, Germany). An in situ probe for A. mexicanum Sox9
(72) was provided by N. Frobisch. The Sox9 probe for P. cinereus was
previously used to reveal limb skeletal patterning in that species (73).

In situ hybridization
In situ hybridization was performed as previously described (8).

Measuring apoptosis

Apoptotic rates were examined at stages Pc20 in P. cinereus and
Am41 in A. mexicanum. Standard TUNEL was performed using an
in situ apoptosis detection kit (Trevigen #4810-30-K, Gaithersburg,
MD). To calculate the percentage of lung rudiment cells undergoing
apoptosis, the numbers of apoptotic and normal cells were counted in
sections processed using TUNEL. Cells were counted in Image] by distin-
guishing cell nuclei stained with methyl green from 3,3’-diaminobenzidine
(DAB)-positive apoptotic cells. Statistical differences were assessed
by using a two-tailed Mann-Whitney U test. Figures are reported as
the mean + SEM. Apoptosis was only quantified in the endoderm,
but Plethodon showed a large amount of mesenchymal apoptosis that
was not quantified. Endodermal and mesenchymal tissues are easily
distinguished on the basis of their physical separation and the epi-
thelial morphology of endoderm.

Transcriptome sequencing

Total RNA was extracted from cryosections of lung rudiments for
transcriptome sequencing. For cryopreservation, specimens were
anesthetized using tricaine (MS-222, 0.02%, pH 7.4; Sigma-Aldrich)
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and then immersed for 15 min each in ice-cold 15% sucrose con-
taining tricaine and ice-cold 30% sucrose containing tricaine. Specimens
were oriented sagittally and embedded in OCT medium (Sakura Finetek
USA, Torrance, CA), frozen in a dry ice/ethanol bath, and stored
at —80°C. Each specimen was cryosectioned until an approximately
mid-sagittal plane was reached.

Kwik-Fil borosilicate glass capillaries (#M1B150-4; World Preci-
sion Instruments, Sarasota, FL) were briefly soaked in DRNAse Free
(Argos Technologies, Elgin, IL) and dried. Needles were pulled from
these capillaries on a World Precision Instruments PULI to the
following specifications: external tip diameter, ca. 0.14 mm; external
diameter (unpulled region), ca. 1.15 mm,; sidewall thickness (unpulled
region), ca. 0.26 mm; internal diameter (unpulled region), ca. 0.62 mm;
length of tapered region, ca. 3.6 mm.

Sectioned specimens, still affixed to an aluminum chuck, were
mounted in dry ice and placed under a dissecting microscope. The
lung bud region was dissected out by plunging the tip of the glass
needle into the tissue just dorsal to the wall between the sinus veno-
sus and the atrium. Endoderm and mesoderm were not separated.
Three biological replicates each were obtained for two stages, Pc19
and Pc21. Tissue was expelled or placed into an Eppendorf tube
containing lysis buffer and tris(2-carboxyethyl)phosphine (TCEP)
from a NucleoSpin RNA XS kit (#740902.10; Machery-Nagel, Diiren,
Germany). Total RNA was isolated according to the kit protocol,
but carrier RNA was not used.

Transcriptome libraries were prepared and sequenced as previously
described (8). An initial 2 x 150-base pair (bp) Illumina HiSeq 2500
Rapid Run lane was used to assess clustering and relative concentra-
tions (Illumina Inc., San Diego, CA). A second lane was run with
adjustments based on the first sequenced flow cell to optimize cluster-
ing. This second lane yielded 184.5 million reads that passed filter
for a total of 232.4 million reads.

Reads were trimmed with Trimmomatic (74). Reads from multiple
flow cells were concatenated; reads from multiple libraries within each
species were concatenated before de novo assembly. Ribosomal RNA
(rRNA) reads were removed using Bowtie (75) using a database of
deposited rRNA sequences from National Center for Biotechnology
Information (NCBI) GenBank. Trinity (release r20140413) was used
for de novo assembly, setting --min_kmer_cov to 2 (76, 77). The Trinity
assembly was translated using Transdecoder (76). Initial annotation
was performed using BLASTX and then BLASTP against the Swiss-Prot
database. Genes associated with pulmonary identity and lung develop-
ment were identified by BLAST searches. E values are listed in Table 1.

Filtered reads were mapped initially by using RNA-Seq by
Expectation-Maximization (RSEM) implemented with the Trinity
wrapper. Assemblies were filtered to transcripts that were expressed
over 1 fragment per kilobase of exon per million mapped fragments
(FPKM) using Trinity, and then reads were remapped to the assembly.
Differential expression was analyzed using DESeq normalization
(tables S6 to S8) (78). GO analysis was performed by annotating each
gene with its predicted peptide sequence and importing them into
Blast2GO (79). Annotations generated with BLASTX (https://blast.
ncbinlm.nih.gov/) and InterPro (www.ebi.ac.uk/interpro/) were also
loaded. Enrichment analysis using Fisher’s exact test was used to reveal GO
categories over- or underrepresented across experimental conditions.

Heterospecific transplantation
Stage-matched embryos of H. scutatum and of ubiquitously expressing
GFP" A. mexicanum at the 3- or 4-somite stage (HsI8 and Am19,
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respectively) were placed alongside each other on an agarose plate
in 100% Holtfreter solution. LPM from A. mexicanum embryos was
removed by peeling back the ectoderm using freshly sharpened
tungsten needles and then making a rectangular incision through the
lateral plate. A comparable piece of lateral plate was excised from
H. scutatum and replaced with A. mexicanum lateral plate. Embryos
were allowed to heal for approximately 60 min and then transferred
to individual wells of a 12-well dish and maintained in 20% Holtfreter
solution plus gentamicin (100 pg/ml). Mock transplants (i.e., nega-
tive controls) were performed in parallel: The ectoderm was peeled
back from H. scutatum embryos, and then the LPM was excised and
transplanted back in place. Photographs were taken 1 to 2 days after
transplantation and then at fixation at Hs28 or later (30 days after
transplantation). Individuals were cryosectioned at 14- to 16-um thick-
ness and processed for immunohistochemistry (80). Briefly, sections
were blocked and then incubated with an anti-GFP primary anti-
body (#ab290; Abcam, Cambridge, MA), followed by labeling with
Alexa Fluor 488 secondary antibody (#Z225302; Thermo Fisher
Scientific) and nuclear staining with 4’,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich). Failure to obtain a reliable antibody against
pulmonary markers prevented molecular colocalization, but graft
recipients were assayed for morphology of the foregut region.
H. scutatum was selected for transplantation because it was possible
to obtain large numbers of field-collected embryos, and the meso-
lecithal eggs closely resemble those of A. mexicanum, in contrast to
the telolecithal eggs of direct-developing P. cinereus (69).

Statistical analysis

A Mann-Whitney U test was used to compare rates of apoptosis in
lung rudiment endoderm between embryos of A. mexicanum (stage
Am41) and P. cinereus (stage Pc20). The histogram depicts the
mean + SE of the frequency of apoptotic cells in four embryos of
each species (Fig. 6C). The analysis was performed by using Microsoft
Excel for Mar, v. 16.57; statistical significance was evaluated at P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6108

View/request a protocol for this paper from Bio-protocol.
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