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Paleogenomics illuminates the evolutionary history
of the extinct Holocene “horned” crocodile of
Madagascar, Voay robustus
E. Hekkala 1,2✉, J. Gatesy2, A. Narechania2, R. Meredith 2,3, M. Russello 4, M. L. Aardema2,3,

E. Jensen 4,5, S. Montanari 2, C. Brochu6, M. Norell2 & G. Amato2

Ancient DNA is transforming our ability to reconstruct historical patterns and mechanisms

shaping modern diversity and distributions. In particular, molecular data from extinct Holo-

cene island faunas have revealed surprising biogeographic scenarios. Here, we recovered

partial mitochondrial (mt) genomes for 1300–1400 year old specimens (n= 2) of the extinct

“horned” crocodile, Voay robustus, collected from Holocene deposits in southwestern

Madagascar. Phylogenetic analyses of partial mt genomes and tip-dated timetrees based on

molecular, fossil, and stratigraphic data favor a sister group relationship between Voay and

Crocodylus (true crocodiles). These well supported trees conflict with recent morphological

systematic work that has consistently placed Voay within Osteolaeminae (dwarf crocodiles

and kin) and provide evidence for likely homoplasy in crocodylian cranial anatomy and snout

shape. The close relationship between Voay and Crocodylus lends additional context for

understanding the biogeographic origins of these genera and refines competing hypotheses

for the recent extinction of Voay from Madagascar.
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New methods to recover genomic data from extinct lineages
have helped to clarify previously enigmatic phylogenetic
relationships and enabled rigorous tests of biogeographic

and evolutionary hypotheses1–4. In some cases, molecular data
from extinct Holocene island faunas have revealed surprising
biogeographic scenarios5–8. Additional ancient DNA studies,
including recent analyses of our own family, Hominidae9,10,
canids11 and elephants12 have yielded dramatic insights into the
role of admixture between divergent lineages in evolutionary
history. Genomic data for extinct species could also yield insights
into extinction mechanisms that operated in the recent past13,14.

The arrival of modern humans in Madagascar between ~9000
and ~2500 YBP15–20 preceded the extinction of much of the
island’s vertebrate megafauna including giant tortoises (Aldab-
rachelys spp.), elephant birds that ranged to enormous size
(Aepyornis, Mullerornis, Vorombe), dwarf hippos (Hippopotamus
lemerlei, H. madagascariensis), and several lemur species (Mega-
ladapis, Archaeoindris, Palaeopropithecus, Pachylemur)6,13,21–23.
One lesser-known extinction that occurred during this period was
the demise of an endemic “horned” crocodile, Voay robustus
(Fig. 1). Early explorers to Madagascar noted that Malagasy
peoples consistently referred to two types of extant crocodiles on
the island, a large robust crocodile and a more gracile form with a
preference for rivers24. This suggests that both types persisted
until very recently24,25, but only the gracile form, now recognized
as an isolated population of the Nile crocodile (Crocodylus nilo-
ticus), currently is found on the island26.

Despite nearly 150 years of investigation, the phylogenetic
position of the extinct horned crocodile of Madagascar remains
controversial. In 1872, the earliest description of the species by
Grandidier and Vaillant27 noted differences between sub-fossil
cranial and postcranial material excavated from Holocene
deposits near Amboulisatre and extant crocodiles (C. niloticus) in
Madagascar. Based on the robustness of available skeletal features,
including vertebral, dental and cranial elements and snout shape,
(Fig. 1), Grandidier and Vaillant named the extinct form Croco-
dylus robustus27. They suggested a possible affinity between the
subfossil material and Crocodylus niger, now recognized as the
dwarf crocodile (Osteolaemus tetraspis) that is native to west-
central Africa. In the same year, Grandidier28 further contrasted
the relatively stout features of C. robustus with those of the more

gracile C. niloticus that currently inhabits the island. Barbour29

and Boettger30 however, suggested that the extinct robust species
simply represented an aged C. niloticus. In 1910, Vaillant and
Grandidier24 and later Mook31,32 examined subfossil material
from additional sites and upheld C. robustus as clearly distinct
from extant C. niloticus. Mook32 noted that C. robustus was
instead more similar to the extant saltwater crocodile, C. porosus.

After conducting a detailed morphological study of available
subfossil material representing C. robustus, Brochu33 noted that
C. robustus lacks many of the distinguishing features of the genus
Crocodylus. In his detailed cladistic analysis, the extinct Malagasy
species grouped with extant dwarf crocodiles (Osteolaemus
spp.)33 of west and central Africa. Several phenotypic characters
allied C. robustus with the genus Osteolaemus, some of which
might relate to overall skull shape with a relatively short and deep
snout in both taxa. Based on this evidence, Brochu erected a new
monotypic genus, Voay (the modern Malagasy word for extant
crocodiles) within Osteolaeminae, resulting in the current species
name Voay robustus33. Subsequent phylogenetic analyses of
morphology34–39 as well as total evidence analyses of morphology
and molecules37,39–41 have consistently clustered V. robustus and
Osteolaemus to the exclusion of other crocodylian genera, with
Crocodylus distantly related to Voay (Fig. 2).

Here, we use mitochondrial (mt) capture and whole genome
enrichment (WGE) of ancient DNA (aDNA) to recover mt
sequences from two subfossil specimens of Voay robustus. We
employ separate and combined analyses of mtDNA and mor-
phological data to test competing hypotheses for the phylogenetic
placement of Voay relative to living and extinct crocodylians.
Total evidence analyses that merge molecular, fossil, and strati-
graphic data yield timetrees for Crocodylidae that we utilize to
better characterize the biogeographic history of the clade, the
timing of Crocodylus origins, and the extinction of Voay.

Results
Carbon dating. Voay sample AMNH FR-3101 yielded AMS 14C
dates of 1450 ± 30 (1422–1307) 14C yr BP, while AMNH FR-3103
yielded dates of 1380 ± 30 (1364–1280) 14C yr BP. Newly derived
14C dates are slightly younger than those recovered from verte-
brates from the same deposits ca. 1,800 14C yr BP and 2,430 14C
yr BP42, confirming the relatively recent age of the specimens.

Recovery of partial mt genomes for Voay robustus. Whole
genome enrichment (WGE) and targeted mt capture approaches
yielded partial mt genomes from two Holocene specimens of
Voay robustus - AMNH FR-3101 and AMNH FR-3103 (Sup-
plementary Data 1). WGE produced both mtDNA and nuclear
sequences from Voay samples, but coverage for single-copy
nuclear genes was low. We therefore focused phylogenetic ana-
lyses on mt reads derived from both enrichment procedures.
Authenticity of the mtDNA data for Voay was evidenced by
DNA-damage patterns, low sequence divergence between indi-
viduals, clean negative controls, and consistent phylogenetic
placement of sequences from replicated processing of both spe-
cimens (Supplementary Figs. 1–2; Supplementary Table 1 and
Data 3; Supplementary Data 2).

Four reconstructions of the Voay mt genome were assembled
by mapping short reads from these two specimens to two
reference mt genomes (Osteolaemus and C. porosus) using the
EAGER pipeline (see Materials and Methods). The most complete
reconstruction, Voay AMNH FR-3101 C. porosus ref., had 18%
missing data relative to the reference genome sequence for mt
ribosomal DNAs (rDNAs) and protein-coding genes. Reconstruc-
tions using Osteolaemus as the reference and/or Voay specimen
AMNH FR-3103 yielded mt datasets with more missing data

Fig. 1 Subfossil skull of Voay robustus (AMNH FR-3102) from
southwestern Madagascar. A skull of Voay robustus collected at Ampoza
(44° 42.3’ E, 22° 18.9’ S, 570m elevation) during the joint Mission Franco-
Anglo-American expedition from 1927–1930 (White, 1930).
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relative to reference genomes (45–72% missing). Average
sequencing coverage for the four mt genome builds was as
follows: Voay AMNH FR-3101 Osteolaemus ref. (5X); Voay
AMNH FR-3103 Osteolaemus ref. (3X); Voay AMNH FR-3101
C. porosus ref. (5X); Voay AMNH FR-3103 C. porosus ref. (4X).
Pairwise comparisons among the four Voay builds from two
different specimens show minor divergence from each other at
the nucleotide level. Short reads for each Voay specimen were
deposited at NCBI (short read archive Bioproject PRJNA681754).

Phylogenetic analyses and evolutionary inferences. All phylo-
genetic analyses of our mtDNA datasets (Fig. 3; Supplementary
Table 1 and Data 3; Supplementary Data 2) corroborate rela-
tionships among the nine extant genera of Crocodylia that have
been consistently supported by molecular data since 200843. The
genus Crocodylus (true crocodiles) is sister to a clade composed of
Mecistops (African slender-snouted crocodiles) and Osteolaemus
(dwarf crocodiles) within Crocodylidae (Fig. 3). Crocodylidae
groups with Gavialidae (true and false gavials), and this combined
clade is sister to Alligatoridae (alligators and caimans). However,
our mt trees contradict previous numerical phylogenetic analyses
of morphology and combined data that robustly cluster Voay
with osteolaemines (Fig. 233–41,44). Our mtDNA trees instead
reflect a closer association with Crocodylus as hypothesized by
earlier authors29,30,32,45 (Fig. 3). Parsimony and maximum like-
lihood (ML) analyses of partial mt genomes (two rDNAs and 13
protein-coding genes) uniformly support a sister group rela-
tionship between Voay and a monophyletic Crocodylus, as well as
a clade composed of Osteolaemus and Mecistops (Fig. 3). These
relationships are robustly supported by all 64 analyses of the
molecular dataset (Supplementary Table 1 and Data 3; Supple-
mentary Data 2). ML phylograms show that Voay branches from

the stem lineage of extant Crocodylus at about the midpoint of
this long internal branch, with limited divergence among the four
partial mt genome builds reconstructed from the two Voay spe-
cimens (Supplementary Fig. 2).

In all six tip-dated timetrees (Supplementary Table 1 and
Data 3; Supplementary Data 2), Voay again groups with
Crocodylus, and Osteolaemus clusters with Mecistops (Fig. 4).
Some extinct taxa that were coded for just phenotypic characters
are unstable in these combined data analyses, but for each
Bayesian tip-dating tree, the relationships of Voay to extant
crocodylid genera are consistent in 100% of the trees in posterior
distributions and congruent with all 64 analyses of mtDNA alone
(Fig. 3; Supplementary Data 2). In terms of topology and
divergence times, our most complete timetree for Crocodylia
(Fig. 4) closely matches the hypothesis proposed by Lee and
Yates37, except for the conflicting position of Voay relative to
Crocodylus, Osteolaemus, and Mecistops. Our tip-dated tree shows
a long unbranching lineage that split from all other sampled
crocodylians in the late Oligocene and terminates at the Holocene
extinction of Voay on Madagascar. This divergence from the
genus Crocodylus dates to ~24.9 Ma (95% highest posterior
density [HPD]= 18.8–32.1 Ma), with the earliest split among
Crocodylus species (crown+ stem) dated at ~19.9 Ma (95%
HPD= 14.7–26.2 Ma) and ~16.3 Ma for crown group Crocodylus
(95% HPD= 12.5–20.5 Ma). Voay separated from the more
distantly related Osteolaemus in the Eocene at ~38.6 Ma (95%
HPD= 32.4–45.3 Ma) (Fig. 4). By contrast, Voay split from
Osteolaemus just ~17.8 Ma in the combined data timetree of Lee
and Yates37 and at ~16.4 Ma in their tip-dated analysis of
morphological characters. Our six timetree hypotheses show
some variation in median divergence time estimates, due to
differences in character coding, ordering of character states, and
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Fig. 2 Prior cladistic and Bayesian analyses supporting a grouping of Voay robustus (red) with the genus Osteolaemus (dwarf crocodiles). Four
representative phylogenetic hypotheses are shown (A–D). Both morphology (A, B) and combined analyses of morphology plus molecules (C, D) place
Voay with Osteolaemus and extinct African osteolaemines to the exclusion of Crocodylus (true crocodiles). The tip-dated tree in (C) is from a Bayesian
reanalysis of morphological data from Brochu (2013) in combination with DNA sequence data (Lee and Yates, 2018). Support scores at nodes are
parsimony bootstrap percentages (A) or Bayesian posterior probabilities (B–D). Robust support for Voay+Osteolaemus is highlighted in red.
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taxon sampling in the two morphological datasets that were
reanalyzed37,46, as well as the inclusion or exclusion of 3rd codon
positions from mt protein-coding genes (Supplementary Data 2).
For example, across our six tip-dated trees, the median divergence
date for Crocodylus and Voay ranges from ~22.1–27.7 Ma, and
the split between Voay+ Crocodylus and Osteolaemus+Meci-
stops ranges from ~30.7–38.6 Ma. However, we suggest caution
when interpreting these dates due to disagreements on specimen
dating in the published literature, and the possibility that errors in
published dates may affect results of these analyses.

Parsimony optimizations of geographic ranges on our tip-dated
timetrees consistently reconstruct an African ancestry for both
Voay and Crocodylus (Fig. 4). Although alternative reconstruc-
tions are nearly as parsimonious, the ‘out of Africa’33 pattern

generally holds for our maximum clade credibility (MCC)
timetrees. A migration of the ancestral Voay lineage from Africa
to Madagascar is inferred, but this biogeographic shift is not well-
constrained temporally given the current sampling of extinct taxa.

Mapping of morphological characters on our most complete
tip-dated tree (Fig. 4) implies convergent homoplasy in multiple
characters that instead group Voay with Osteolaemus in previous
phylogenetic analyses of morphology and combined data (Fig. 2).
For the tip-dated timetree of Lee and Yates37 that did not include
any molecular data for Voay, seven morphological characters are
synapomorphic for a Voay+Osteolaemus clade. All seven of
these cranial characters are interpreted as convergences on our
tip-dated tree (Supplementary Table 1 and Data 3). Prominent
squamosal “horns”, as seen in Voay (Fig. 1), also evolved
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Fig. 3 Phylogenetic relationships of Voay robustus based on partial mitochondrial (mt) genomes support a sister group relationship between Voay and
a monophyletic Crocodylus (true crocodiles). The tree shown is based on ML analysis (partitioned by gene) and includes data from all four builds of the
Voaymt genome. Bootstrap scores at each node are (from top to bottom): all four builds of Voaymt genome with partitioned ML analysis, Voay AMNH FR-
3101 C. porosus reference build with partitioned ML analysis, Voay AMNH FR-3101 Osteolaemus reference build with partitioned ML analysis, Voay AMNH
FR-3103 C. porosus reference build with partitioned ML analysis, Voay AMNH FR-3103 Osteolaemus reference build with partitioned ML analysis, and all four
builds of Voay mt genome with equally-weighted parsimony analysis. Bootstrap scores for the two internodes that bound the branching point of Voay are
highlighted in red. All trees were rooted with bird, turtle, and lizard outgroups (not shown). Higher level taxa are delimited by brackets to the right of
species names. Paintings of crocodylians are by C. Buell, and photo of Voay (AMNH FR-3101) is by E. Hekkala.
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convergently in four additional crocodylid taxa (Crocodylus
rhombifer, C. siamensis, C. anthropophagus+ C. thorbjarnarsoni,
and Euthecodon brumpti). For the taxa sampled here, this trait is
restricted to just Crocodylidae but is highly homoplastic
(consistency index = 0.200). There is limited morphological
support, just one unambiguously optimized synapomorphy, for
the novel grouping of Voay sister to Crocodylus in our tip-dated
tree. Transformation from a straight or gently curved prefrontal-
frontal suture to an ‘L’-shaped suture optimizes to the common
ancestor of Voay+ Crocodylus (Supplementary Table 1 and
Data 3). This labile binary character shows minimally 11 changes
on the overall tree (consistency index = 0.091).

Discussion
Our combined WGE and targeted mtDNA capture recovered
partial mt genomes for two Holocene specimens of Voay
robustus from Madagascar (Supplementary Data 1) and enabled
the first molecular phylogenetic placement of this extinct island
endemic. Molecular and combined data uniformly position Voay
as sister to Crocodylus and outside of the clade comprised of
Osteolaemus and Mecistops (Figs. 3, 4; Supplementary Data 2).
All of our trees contradict previous quantitative phylogenetic
work that consistently placed Voay within Osteolaeminae, close
to the genus Osteolaemus (dwarf crocodiles) based on anatomical

characters and combined analyses of morphology plus molecules
(Fig. 233–41,44).

For Crocodylia, prior molecular phylogenetic work suggested
that morphological features are commonly characterized by high
levels of homoplasy40,47,48 that may be driven by convergent
ecological and functional pressures49–57. Morphological data
provide minimal character support for grouping Voay as the
sister group to Crocodylus. Just one morphological character
change unequivocally maps to the last common ancestor of the
clade, and this grouping implies convergent homoplasy in a host
of anatomical features shared by Voay and Osteolaemus (Sup-
plementary Table 1 and Data 3). Our results further highlight
ongoing conflicts between morphological and molecular char-
acters in crocodylian phylogenetics with the caveat that the mt
genome is generally interpreted as a single non-recombining
locus in Crocodylia43. Corroboration from independent nuclear
loci would solidify support for our novel phylogenetic hypotheses
(Figs. 3, 4).

Recent molecular hypotheses of crown group relationships
within Crocodylidae have been equivocal for interpreting both the
age and biogeographic origins of the genus Crocodylus58–60. The
“out of Africa”33 hypothesis for crown group Crocodylus was
tested in a probabilistic framework by Oaks who found stronger
support for origin of the group in Australia/Asia58. The mt
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Fig. 4 Tip-dated Bayesian timetree showing the phylogenetic relationships of Voay robustus relative to extant and extinct crocodylids with a mapping
of geographic distributions (colored squares at tips of branches). Bayesian posterior probabilities are at nodes; support scores for the two internodes
that bound the branching point of Voay are highlighted (red). Optimization of geographic regions to internal nodes (colored circles) is based on equally-
weighted parsimony and implies an African ancestry for the overall clade with minimally two migrations to Australia/Asia, two to the New World, and two
to Madagascar. An identical mapping of ancestral areas results for minimum area change (MAC) parsimony analysis. The Voay AMNH FR-3101 C. porosus
mt genome build (partitioned by 1st, 2nd, 3rd codons) was employed in combination with morphological characters and stratigraphic data from Lee and
Yates (2018). Taxa that are distantly related to Voay are pruned from the figure; for the complete timetree, see Supplementary Data 2. Paintings of
crocodylians are by C. Buell; photo of Voay (AMNH FR-3101) is by E. Hekkala.
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genome analysis of Meredith et al. supported monophyly as
opposed to paraphyly of Crocodylus spp. from Australia and
Asia59. For their tree, parsimony optimization of geography
implies an African origin for Crocodylus, with a recent dispersal
from Africa to the New World and another dispersal to Australia/
Asia, which agrees with earlier morphological work. More
recently, Nikolai and Matzke61 partitioned geographic areas more
finely and reconstructed an Asian origin for Crocodylus. Like
Oaks and Meredith et al., this study did not directly consider
the extensive fossil diversity of Crocodylus and more generally,
Crocodylidae (e.g., 33–36).

Our biogeographic reconstructions that include fossils instead
suggest an African origin for Crocodylus. In tip-dated MCC
timetrees, extinct taxa that are closely related to Crocodylus
(Rimasuchus, Brochuchus, Euthecodon, “Crocodylus” megarhinus)
are predominantly African, as are extant outgroup taxa, Osteo-
laemus and Mecistops (e.g., Fig. 4). Taken together with the pla-
cement of Voay from Madagascar as the sister taxon to
Crocodylus, our timetrees hint at an African origin for the
genus62. However the unstable affinities of various extinct Cro-
codylus spp. in our timetrees complicate interpretation and beg
for more comprehensive analyses in the future that incorporate
the full complement of extinct geographic diversity and a broader
survey of informative characters. Crown group Crocodylus initi-
ally diversified at ~16.3–17.7 Ma according to our four tip-dated
MCC timetrees that sample all extant species in the genus.
However, in these, as in other analyses58,60, broad 95% HPDs
limit interpretation (e.g., 12.5–20.5 Ma for the Voay AMNH FR-
3101 C. porosus ref. alignment).

The inferred migration or vicariance event that isolated the
Voay evolutionary lineage on Madagascar is not well-constrained
according to tip-dated timetrees. In our most comprehensive
hypothesis (Fig. 4), Voay diverged from its sistergroup, Croco-
dylus, at ~24.9 Ma (95% HPD= 18.8–32.1 Ma), and there is no
evidence for speciation or extinction in the V. robustus lineage up
until the final demise of this single species in historical times.
Movement of Voay to Madagascar therefore may have occurred
between the late Oligocene and the first known occurrences of
Voay in the Pleistocene, ~10,000 years ago42,63. Over this time
span, Madagascar was fully isolated from Africa and other con-
tinental landmasses, so any dispersals were necessarily trans-
oceanic13,64,65. Recent prevailing winds and ocean currents
oppose overwater dispersal from Africa to Madagascar due to
north or south-southwest flow, but some paleo-oceanographic
models reconstruct intermittent and rare eastward flow in the
Eocene and Oligocene66. The salt tolerance of extant Crocodylus
spp. has been suggested as a driver for the relatively recent range
expansion of this genus59,61, but the reconstruction of salt tol-
erance in extinct species, such as Voay, is ambiguous given the
distribution of this trait in extant crocodylians67–71. Overall, our
phylogenetic hypotheses (Fig. 4) broadly delimit the timing of
biogeographic events, but future paleontological discoveries, in
particular extinct taxa that branched from the long ~24.9 MY
Voay lineage, are required to further refine this timeframe.

Several explanations have been proposed for the extinction of
megafauna in Madagascar during the transition to the
Anthropocene17,72–74. Currently viable hypotheses include
environmental change or over-exploitation and habitat alteration
by humans that together may have acted as synergistic drivers of
megafaunal collapse across the island17,18. Bickelmann and
Klein75 argued that, given the absence of evidence for direct
human exploitation, competition with the Nile crocodile, C.
niloticus, was the more likely driver of Voay’s extinction. Closely
related species of similar body size often share similar
ecologies76–79, and the molecular evidence for a more recent
common ancestry with Crocodylus spp. (Figs. 3, 4) relative to the

previous consensus that grouped Voay with Osteolaemus (Fig. 2)
perhaps lends additional support to the competition hypothesis.
Relaxed clock estimates of the Nile crocodile’s arrival in Mada-
gascar suggest a very recent invasion ca. 2,000–3,000 YBP60 that
implies temporal overlap with Voay, but the earliest documented
Nile crocodile material in Madagascar dates to just ~310–460
years ago80.

A more speculative extinction scenario also requires a temporal
and geographic overlap between Voay and C. niloticus in
Madagascar. The mixing of genes between differentiated evolu-
tionary lineages (‘phylogenetic species’) is well documented
between some species in the genus Crocodylus81. It is therefore at
least possible that introgressive hybridization with the recently
invading C. niloticus contributed to decline of Voay through
genetic swamping or ‘extinction via hybridization’82. Ancient
mtDNA sequences from Voay, however, do not provide any
compelling evidence for hybridization with the Nile crocodile.
Recent introgression of mtDNA would be expressed as a clus-
tering of these two species in mt trees as has been found in C.
acutus and C. rhombifer83,84, which is not supported (Fig. 3).
Future ancient DNA work that focuses on recovery of Voay
nuclear DNA promises a more rigorous test of gene flow
hypotheses.

Given the concurrent extinction of megafauna on Madagascar,
it is perhaps more plausible that Voay succumbed to a combi-
nation of direct extirpation by humans and rapid environmental
change33. Unlike large mammalian taxa such as hippos and
lemurs, that were likely targeted as adults by humans, Voay
populations may have been impacted by exploitation of eggs,
resulting in a rapid decline. Vaillant and Grandidier noted that
both species of crocodiles were recognized by communities
throughout Madagascar and that crocodile eggs were regularly
consumed, particularly in southwestern Madagascar24. This type
of impact would be largely undetectable at archeological sites
through modern taphonomic measures.

Our study provides the first molecular systematic character-
ization of V. robustus and indicates that this recently extinct
island endemic represents the sister lineage to Crocodylus (true
crocodiles). Molecule-based trees (Fig. 3) and combined phylo-
genetic analyses of molecules and morphology (Fig. 4) contradict
trees from previous studies that grouped this species and dwarf
crocodiles (Osteolaemus) with high support (Fig. 2). Tip-dated
timetrees suggest that Voay diverged from Crocodylus near the
Oligocene/Miocene boundary (~22.1–27.7 Ma) and represents a
relict lineage that survived to historical times in Madagascar but
has no known close relatives, living or extinct (Fig. 4; Supple-
mentary Data 2). Our results highlight the value of ancient DNA
for uncovering novel, unexpected evolutionary relationships and
providing context for new interpretations of morphological evo-
lution, biogeographic history, and extinction patterns.

Methods
Specimens and sample processing. The paleontological collections at the
American Museum of Natural History (AMNH) include a series of specimens of
Voay (= Crocodylus) robustus from Ampoza, Madagascar (44° 42.3’ E, 22° 18.9’ S,
570 m elevation). These specimens were collected during the joint Mission Franco-
Anglo-American expedition from 1927–193085. White’s descriptions of field
excavations denote a Holocene deposition85, and subsequent C14 dating of adjacent
faunal remains from Ampoza are dated from ~2500–1000 YBP63. Interpretation of
specific depositional context of V. robustus material is limited. However, White’s
notes and photographs from the excavation indicate a solid surface layer of
limestone, below which a dark soil held diverse disarticulated skeletal elements85.
As excavations proceeded, the site filled with water from subsurface layers, and
field laborers extracted material from underwater85. A reconstruction of the habitat
suggests a riparian stream system near a marsh86.

Two specimens were targeted as potential sources of ancient DNA. The
sampling plan was designed to minimize damage to the specimens and reduce
contamination. Prior to handling specimens, all tools were sterilized by UV
radiation for 15 min, soaked in DNAaway (Thermo Scientific) for 5 min, and then
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dried in a covered sterile chamber. For each skull, a tooth was gently lifted to
expose an un-erupted tooth beneath. One un-erupted tooth from each specimen
was removed for genomic analysis. All surfaces of tooth samples were rinsed with
70% DNAaway for 30 s, rinsed twice with sterile water, and then dried in a covered
petri dish. Each tooth was subsequently placed in a sterile 15 ml falcon tube.
Parallel sample processing and negative controls were executed during the
specimen sampling and all subsequent DNA extraction processes (Supplementary
Fig. 1).

Carbon dating. Samples from each specimen (AMNH FR-3101 and AMNH FR-
3103) were sent to Beta Analytic Inc, Miami Florida for radiocarbon dating. Teeth
were initially decalcified and gelatinized using EDTA and HCl. Once collagen
preservation was confirmed, samples were radiocarbon dated and calibrated dates
reported. Calibration was calculated using one of the databases associated with the
2013 INTCAL program. Conventional Radiocarbon Ages and Sigmas are rounded
to the nearest 10 years per the conventions of the 1977 International Radiocarbon
Conference. When counting statistics produce Sigmas lower than ±30 years, a
conservative ±30 BP is cited for the result. All work was performed under strict
chain of custody and quality control under ISO/IEC 17025:2005 Testing Accred-
itation PJLA #59423 accreditation protocols. Sample, modern and blanks were all
analyzed in the same chemistry lines by qualified professional technicians using
identical reagents and counting parameters within on Beta Analytic Inc’s own
particle accelerators.

DNA isolation. Subsampling of the two tooth specimens (AMNH FR-3101 and
AMNH FR-3103) was done at the AMNH, and duplicate samples were shipped to
the University of British Columbia (UBC). Isolation of ancient DNA was replicated
in dedicated clean room facilities at the AMNH and at UBC (Supplementary Fig. 1)
according to published protocols87. For the ancient DNA extractions conducted at
the AMNH, between 50 and 90 mg of surface sterilized tooth was crushed and
demineralized overnight at room temperature in 1 mL 0.5 M EDTA with gentle
shaking. Samples were then digested in 750 µL of a sarcosyl-based proteinase K
solution and purified using the MinElute PCR Purification kit (Qiagen) with two
washes of 700 µL Buffer PE and eluted twice in 80 µL (2 × 40 µL) buffer EB at 0.05%
Tween-20. For the ancient DNA extractions conducted at UBC, a modified version
of extraction protocol Y was employed, as originally described by Gamba et al.87.
Each sample was extracted in duplicate at UBC. Approximately 250 mg of each
sample was ground while submerged in liquid nitrogen using a Spex 6770 freezer
mill (5 min precooling, 1 min of grinding at 10x per second). Samples were
demineralized in 3 mL of 0.5 M EDTA pH 8.0, 150 μL 10% SDS, and 100 μL of 20
mg/ml Proteinase K, with incubation overnight at 56 °C. The lysate was con-
centrated to 250 μL using Amicon Ultra-4 30 kDa tubes by centrifugation. The
resulting 250 μL of lysate were mixed with 5x volume of buffer PB and added in
three steps to a MinElute (Qiagen) column and centrifuged, removing the flow-
through after each step. The column was washed twice with 750 μL of PE and
centrifuged, allowing desalting for 5 min during the first wash. The elution was
performed using 50 μL of ultra-pure water preheated to 56 °C.

Genomic DNA replicates from both laboratories were shipped on dry ice to
Arbor Biosciences, (Ann Arbor, Michigan, USA) for subsequent library
preparation and enrichment processing.

Library preparation. Two duplicate Illumina® libraries for each Voay specimen
were prepared in ancient DNA processing facilities by Arbor Biosciences for use in
downstream WGE and targeted sequence capture of mtDNA. Each library was
amplified using unique P5 and P7 indexing primers, and 10 µL of each library in
40 µL reactions were quantified on a CFX96 Real-time PCR machine (BioRad).
Indexed libraries were purified using MinElute (Qiagen) columns.

Whole genome enrichment (WGE) using RNA baits. We enriched for croco-
dylian genomes using a modified protocol wherein genomic DNA (gDNA) from
closely related taxa are converted into biotinylated RNA baits3,88. Briefly, at the
AMNH, gDNA was extracted from ten modern crocodylian blood samples
representing six taxa [Crocodylus moreletii (n= 1), C. acutus (n= 1), C. siamensis
(n= 1), C. suchus (n= 2), C. niloticus (n= 2) and Osteolaemus tetraspis (n= 3)]
using a Qiagen DNeasy kit and the manufacturer’s protocols for nucleated red
blood cells. Approximately 1 µg of extracted DNA from each species was sent to
Arbor Biosciences (Ann Arbor, Michigan USA) for global reverse transcription
(both strands) with biotinylated rUTP using their proprietary procedure3. This
yielded an aqueous suspension of approximately 100 µg of mixed crocodylian RNA
baits for subsequent WGE.

Enrichment of Voay robustus genomic libraries was conducted at Arbor
Biosciences according to their MYcroarray capture protocol version 3 (https://
arborbiosci.com/wp-content/uploads/2017/10/MYbaits-manual-v3.pdf). Briefly,
each capture reaction used 1 µg of crocodylian RNA baits, 9 µL-indexed library
(described above), and the MYBaits (MYcroarray) kit protocol for enrichment.
Hybridizations were done at 48 °C for 48 h. Following SPRI bead cleanup and
MinElute purification, enriched eluates were amplified for 10 cycles and then again
purified with MinElute columns. Approximately 9 µL of these purified products
were used in another round of capture using identical conditions as the first round,

except incubation occurred at 55 °C for 39 h. Reactions were again bead-cleaned
and purified with MinElute columns. Purified products were then re-amplified for
5 cycles and the resulting re-amplified, doubly-enriched libraries were purified one
last time using MinElute columns.

Targeted mtDNA enrichment using synthetic baits. A previously developed
MYbaits kit that targets the crocodylian mt genome was used for enrichment of the
ancient crocodylian DNA libraries. Each capture reaction used 1 µg of crocodylian
mt capture baits, 9 µL-indexed library (described above), and the MYBaits kit
protocol version 3 (described above) for enrichment. Hybridizations were done at
48 °C for 48 h. Following bead cleanup and MinElute purification, enriched eluates
were amplified for 10 cycles and then purified with MinElute columns. Purified
products were then re-amplified for 5 cycles and the resulting re-amplified, doubly-
enriched libraries were purified one last time using MinElute columns.

DNA sequencing. For each of the two Voay robustus specimens (AMNH FR-3101
and AMNH FR-3103), two independent samples plus negative controls were
extracted (A and B), two replicate libraries were produced (1 and 2) and one pooled
WGE and Mito enriched library were sequenced, resulting in 10 separately pro-
cessed samples. For each specimen replicate set (either 3101 or 3103), the indexed
whole genome enriched library and the targeted mtDNA enriched library were
pooled with a ratio of 75 (WGE library)/25 (mtDNA capture library), and
sequenced using one full lane on an Illumina HiSeq® 2500 (paired-end, 150 bp
reads) at the New York Genome Center (see Supplementary Figure 1 for sample
AMNH FR-3101example).

Sequence analyses and mtDNA reconstruction. Preliminary mapping analyses
using EAGER, an ancient genomics pipeline89, showed that crocodylian mtDNA
was not recovered from the negative control libraries. Exploratory mapping of
short reads also indicated that mtDNA builds derived from AMNH and UBC
libraries were homogeneous for each Voay specimen and that libraries derived
from the same specimen could be safely combined for final reconstruction of
ancient mt genome sequences. Merged sequence reads from Voay AMNH FR-3101
and merged reads from Voay AMNH FR-3103 were analyzed separately using
EAGER, which automates read processing, mapping, variant detection, and con-
sensus genome reconstruction. Mapping against a crocodylian reference genome
enables screening of non-endogenous DNA from the often complex metagenomic
mixtures in ancient samples. Moreover, these reference alignments highlight
erroneous base incorporations that can signify DNA damage that is a characteristic
of ancient samples90.

Using the EAGER pipeline, reads were processed by clipping adapters, merging
paired ends with overlapping regions, and trimming bases with phred scores lower
than 20. So that the reconstructed ancient mt genomes would not be biased toward
one or the other genus that were a priori hypothesized to be closely related to Voay
(ref. 91), merged reads were mapped to both Crocodylus porosus (GenBank
accession # DQ273698.1) and Osteolaemus tetraspis (GenBank accession #
NC_009728) reference mt genomes. Merged reads of minimum length 30 were
treated as single-end and aligned to the reference genomes using BWA-MEM and
default settings. After removing duplicates, the UnifiedGenotyper module in the
Genome Analysis Toolkit (GATK) was used to make variant and reference base
calls at each position. Both variant and reference calls were required to have the
support of at least two reads, a phred-scaled genotype quality score of at least 30,
and a consensus SNP frequency of at least 90%. Failing these criteria at any given
position in the reference resulted in the insertion of an ‘N’ ambiguity character.
With alleles compiled, EAGER’s VCF2Genome module was used to generate draft
genome sequences relative to the C. porosus and Osteolaemus references. To verify
the reconstruction of the ancient mt genome, EAGER’s DamageProfiler module
was used to quantify alignment errors resulting from ancient DNA damage. A
separate mitogenomic reconstruction for each specimen relative to each reference
genome resulted in four total Voay mt genome sequences (Voay AMNH FR-3101
Osteolaemus ref.; Voay AMNH FR-3103 Osteolaemus ref.; Voay AMNH FR-3101
C. porosus ref.; Voay AMNH FR-3103 C. porosus ref.) for use in downstream
analyses.

Phylogenetic methods. The molecular dataset included the new Voay robustus mt
genome reconstructions and previously published mt genomes from 22 extant
species of Crocodylia including [Genbank # in brackets]: Alligator mississippiensis
[NC_001922], Alligator sinensis [NC_004448], Caiman crocodilus [NC_002744],
Paleosuchus palpebrosus [NC_009729], Paleosuchus trigonatus [NC_009732],
Gavialis gangeticus [NC_008241], Tomistoma schlegelii [NC_011074], Mecistops
cataphractus [NC_010639], Osteolaemus tetraspis [NC_009728], Crocodylus acutus
[NC_015647], Crocodylus intermedius [JF502242], Crocodylus johnstoni
[NC_015238], Crocodylus mindorensis [NC_014670], Crocodylus moreletii
[NC_015235], Crocodylus suchus [JF502244], Crocodylus niloticus [JF502246],
Crocodylus novaeguineae [JF502240], Crocodylus palustris [NC_014706], Croco-
dylus porosus [DQ273698], Crocodylus rhombifer [JF502247], and Crocodylus sia-
mensis [EF581859]. We also included three newly generated partial mt genomes
from Caiman yacare ([MN885913] sample ID# C058), Caiman latirostris
([MN885912] sample ID# S234), and Melanosuchus niger ([MN885911] sample
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ID# 92042). Blood samples were provided by St. Augustine Alligator Farm Zool-
ogical Park (St. Augustine, Florida, USA), and protocols for DNA extraction, PCR
amplification, and sequencing are outlined in Meredith et al.59. Combined, this set
of taxa includes Voay and most currently recognized extant crocodylian species
with the exception of recent splittings of Mecistops and Osteolaemus into multiple
phylogenetic species92–94. One representative mt genome was included from each
of these two genera (see above).

Sauropsid mt genomes were included as outgroups to root mtDNA trees. Aves
generally is considered the extant sister group to Crocodylia, with Lepidosauria and
Chelonia being more distantly related within the clade Sauropsida95,96. Outgroups
for our phylogenetic analyses included one lizard (Anolis carolinensis
[NC_010972]), two turtles (Pelodiscus_sinensis [AY962573], Chrysemys_picta
[KF874616]), and five birds that represent three major divisions of Aves:
Palaeognathae (Struthio camelus [NC_002785]), Galloanserae, (Anas platyrhynchos
[EU755253], Gallus gallus [NC_007236], Meleagris gallopavo [NC_010195]), and
Neoaves (Melopsittacus undulatus [NC_009134], Taeniopygia guttata
[NC_007897]).

For the 33 extant taxa, mt genomes initially were aligned using MUSCLE97 in
Geneious 8.1.998. Minor adjustments were made to the alignment using Se-Al99

and genes were delimited based on published annotations. Several pairs of genes
overlap each other in the mt genomes of Crocodylia. Therefore, each overlapping
region was assigned to only one of the genes for the purposes of phylogenetic
analyses. To maintain reading frame in all protein-coding genes, seven
autapomorphic indels (each 1 bp) were deleted from the multi-species alignment
(three in Alligator sinensis, two in Crocodylus palustris, two in Pelodiscus sinensis).
A 1 bp insertion in the ND3 gene shared in turtles and birds corresponds to a site
that is not translated and was also excluded from the final alignment. Two rDNA
genes and 13 protein-coding genes were included in the final alignment. Each
reconstructed Voay mt genome build (Voay 3101 Osteolaemus ref.; Voay AMNH
FR-3103 Osteolaemus ref.; Voay AMNH FR-3101 C. porosus ref.; Voay AMNH FR-
3103 C. porosus ref.) was incorporated into the multispecies mtDNA alignment by
inserting gaps where there were alignment gaps in the particular reference genome
used as template for mapping Voay sequencing reads. The final mtDNA alignment
is available in Supplementary Data 1.

Parsimony analyses were performed using PAUP* 4.0a build 161100. Gaps were
treated as missing data, all character state transformations were equally weighted,
and the stability of results was assessed by weighting characters by relative fit. The
concavity of the weighting function, k, was set at 4, 8, and 12 in successive runs
with Goloboff weighting101. Searches were heuristic with 100 random taxon
addition replicates and tree-bisection reconnection (TBR) branch swapping.
Relative support was assessed by nonparametric bootstrapping102 with 100–1000
pseudoreplicates, and each search included 10 random taxon addition replicates.

ML analyses with bootstrapping (1000 replicates, gaps treated as missing data,
randomized MP starting trees, and the fast hill-climbing algorithm with all free
parameters estimated) were performed using RAxML-HPC v.8103 on XSEDE
utilizing the Cipres portal104,105. When multiple data partitions were specified
(individual genes, rDNAs, stems versus loops of rDNAs, protein-coding regions,
three codon positions), different GTR+ Γmodels were permitted for each subset of
characters104. RNAalifold106 with default settings was used to predict consensus
rRNA secondary structures for aligned mt rDNA sequences.

Multiple searches were performed using both parsimony and ML optimality
criteria to investigate the phylogenetic placements of the four mt genome builds for
Voay robustus. In our primary mt genome tree based on ML analysis (Fig. 3), the
four Voay mt genome builds were included and 15 character partitions (one for
each mt gene) were analyzed. Variations in taxon sampling, character sampling,
character weighting, and data partitioning were explored to assess the robustness of
phylogenetic results for the placement of Voay relative to the major extant lineages
of Crocodylia (Supplementary Table 1 and Data 3; Supplementary File 2).

We performed six tip-dating analyses using BEAST v1.8.3107 with modified
versions of xml files provided by Lee and Yates37 (Supplementary Table 1 and
Data 3; Supplementary Data 2). Lee and Yates assembled two combined datasets
that both utilized published DNA sequences for crocodylians37. Their primary
combined dataset included 278 morphological characters for 25 extant and 92
extinct taxa as well as stratigraphic data. They also assembled a second combined
dataset that included 189 morphological characters for 15 extant and 85 extinct
taxa from Brochu46 and stratigraphic data. The larger dataset in their study
includes several new characters as well as modifications to characters and codings
used in previous analyses; our close examination of this dataset reveals
incorporated errors36,108, and results should thus be treated with caution.

In our six tip-dating analyses, we replaced the molecular data in these matrices with
our mt protein-coding gene alignments that included the Voay AMNH FR-3101 C.
porosus ref. build or the Voay AMNH FR-3101 Osteolaemus ref. build. The mt protein-
coding data were partitioned by codon (1st, 2nd, 3rd or 1st, 2nd with 3rd codons
excluded), and each data partition was modeled under the GTR+G model of sequence
evolution. Clock models for the different codon positions were unlinked. All model
parameters for morphological data were set as in Lee and Yates37, and we utilized their
xml files (“BEAST1.8.2_croc_117_9562_2ucln_NoMolecCal_NoAsc_AsPublished.xml”
and “BEAST1.8.2_Brochu2013matrixPlusMolecules.xml”). For each tip-dating analysis,
two to eight independent BEAST runs were implemented for 50 million generations
each with sampling every 50,000 generations. In all BEAST runs, we used Tracer109 to

determine burn-in and RWTY110 to test for parameter convergence. Based on these
results, 20%-25% burn-in was chosen. All post-burn-in samples were combined with
LogCombiner and TreeAnnotator for subsequent analyses. Tip-dating has the
advantage of directly incorporating extensive fossil information in relaxed clock models,
but does not account for incomplete lineage sorting, a process that can bias divergences
toward older dates58.

We performed biogeographical mapping using equally weighted parsimony and
minimum area change (MAC) parsimony111. Four broad geographical areas were
defined (Africa, Madagascar, Australia/Asia, and the New World (Fig. 4). For our
primary analysis, the BEAST MCC tree with the most taxa and molecular data for
Voay was used (“BEAST1.8.2_croc_117_9562_2ucln_NoMolecCal_NoAsc_
AsPublished.xml” with the Voay AMNH FR-3101 C. porosus reference build).
Distantly related taxa were pruned from the overall topology (Fig. 4). Equally-
weighted parsimony treated the four areas as unordered character states. MAC
parsimony used a step-matrix with equal costs to gains and losses of geographic
areas111. We utilized a step matrix that allows a maximum geographic range of two
areas, the extreme observed for the taxa sampled in our tree. Biogeographic
reconstructions for the remaining five tip-dated MCC timetrees (Supplementary
Data 2) were used to assess the robustness of results.

Morphological synapomorphies for the placement of Voay were based on
parsimony optimizations of phenotypic characters using PAUP*. Unequivocally
optimized character state changes were mapped to alternative trees for Crocodylia
to assess changes in character support that came with the addition of mtDNA data
for Voay to the combined dataset published by Lee and Yates37. We mapped
synapomorphic character state changes on our tip-dated MCC tree for the Voay+
Crocodylus clade (Fig. 4) and recorded homoplastic evolution of the same
characters on Lee and Yates’ tip-dated timetree. We also noted synapomorphies for
the Voay+Osteolaemus clade in their tree and recorded homoplasy in these
characters on our tree. Finally, the presence of squamosal “horns”, a distinctive
cranial feature of Voay (Fig. 1), was optimized to infer the evolutionary history of
this trait.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The paleontological collections at the American Museum of Natural History (AMNH)
house the two specimens of Voay (= Crocodylus) robustus used in the study (AMNH FR-
3101 and AMNH FR-3103). The short read data for each Voay specimen used in the
analyses were deposited at the NCBI short read archive (SRA) under Bioproject
PRJNA681754.
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