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Lampreys are one of the two surviving jawless vertebrate groups
and one of a few vertebrate groups with the best exemplified
metamorphosis during their life cycle, which consists of a long-
lasting larval stage, a peculiar metamorphosis, and a relatively
short adulthood with a markedly different anatomy. Although the
fossil records have revealed that many general features of extant
lamprey adults were already formed by the Late Devonian (ca. 360
Ma), little is known about the life cycle of the fossil lampreys
because of the lack of fossilized lamprey larvae or transformers.
Here we report the first to our knowledge discovery of exception-
ally preserved premetamorphic and metamorphosing larvae of the
fossil lamprey Mesomyzon mengae from the Lower Cretaceous of
Inner Mongolia, China. These fossil ammocoetes look surprisingly
modern in having an eel-like body with tiny eyes, oral hood and
lower lip, anteriorly positioned branchial region, and a continuous
dorsal skin fin fold and in sharing a similar feeding habit, as judged
from the detritus left in the gut. In contrast, the larger metamor-
phosing individuals have slightly enlarged eyes relative to large
otic capsules, thickened oral hood or pointed snout, and discern-
able radials but still anteriorly extended branchial area and lack
a suctorial oral disk, which characterize the early stages of the
metamorphosis of extant lampreys. Our discovery not only docu-
ments the larval conditions of fossil lampreys but also indicates
the three-phased life cycle in lampreys emerged essentially in their
present mode no later than the Early Cretaceous.
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The larva of lamprey was at first mistaken for a different
agnathan adult animal because of its distinctive appearance

and was given a generic name, Ammocoetes, by Duméril (1). The
name of Ammocoetes came from the Greek “ammos” (sand) and
“koites” (dwelling). Nearly a dozen species of Ammocoetes were
erected before, some even after, its identity of lamprey larva was
established by Müller (2) (SI Text). Müller (2) observed the
“small lampreys” in the fresh waters near Berlin and was the first
to conclude that the so-called Ammocoetes are, in fact, the larvae
of the lamprey Petromyzon. All of those species referred to
Ammocoetes were later recognized as the larvae of several gen-
era in the lamprey families Petromyzontidae and Geotriidae (3).
In fact, the larval stage lasts for up to 7 y or longer before its
metamorphosis to become an adult, which usually has a much
shorter lifespan than the larva (4, 5). After spawning in streams
with relatively clean water, ammocoetes’ parents die, and the
ammocoetes bury themselves in U-shaped or oblique burrows in
the silt or sand on the stream bottom, leaving only their mouths
in small pits on the surface of the deposits (6, 7). Thus, without
disturbances, they rarely emerge from the burrows, although they
occasionally come out at night and passively migrate downstream
during the larval period. Owing to their great number and living
habitat of relatively stable silt and sandy beds with slack current,
there should be a chance of finding ammocoetes in the fossil
state, yet none of undoubted ammocoete has been described so
far. The only exception may be a small lamprey of about 50 mm
long which was described from the same locality as the Early

Carboniferous lamprey Hardistiella montanensis. The small lam-
prey shows a lozenge-shaped impression dorsal to the possible
eyeballs, which was interpreted by the authors as the loop of the
trabecles as in recent larval lamprey, and thus it was suggested as
a larval lamprey (8). However, the poor preservation of the
specimen made a definitive identification nearly impossible.
Consequently, although the fossil records have shown the emer-
gence of many general features of extant lamprey adults as early
as the Late Devonian (9), the origin of the three-phased life cycle
of the fossil lampreys still eludes us because we know little about
fossilized lamprey larvae or transformers.
Once again, the Mesozoic Jehol Lagerstätten in China has de-

livered to us another one of its paleontological rarities: numerous
specimens of ammocoetes from the same locality and horizon
where Mesomyzon mengae was discovered, i.e., the Lower Creta-
ceous Yixian Formation, Liutiaogou Village, Ningcheng County,
Inner Mongolia, China (10). The matrix is light yellow mud stone,
with some thin layers containing coarser grains, whereas the re-
mains of the ammocoetes are of light brown color. Studied in this
paper are 12 comparatively well-preserved specimens (IVPP V15029,
15030, 15032, 15034, 15114.2, 15114.4–15114.7, 15165.2, 15506,
15681), among which 10 consist of part and counterpart specimens.
Seven specimens are each with a total length less than 67 mm,
showing many important features of ammocoete, whereas five are
longer than 82 mm and show several features of early transformers.

Description and Comparison
Seven specimens are small, ranging in body length from 39.7 to
67 mm (Table S1), much shorter than the average length of
extant larval lampreys during metamorphosis (4) and obviously
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shorter than those we previously described (10). Their most
striking characteristic is the rudimentary, tiny eyes, in sharp
contrast to the large otic capsules. In extant ammocoetes, the
small eyes are covered by comparatively thick skin, and normally
only whitish spots in the skin are visible (2, 7, 11), similar to our
personal observations on larval specimens of Lethenteron reissneri
(Dybowski 1869) (3), IVPP 1617, 1622. In our fossil specimens,
where the skin is not preserved, the eyes are round, dark brown
dots (Figs. 1 A–I and 2 A, B, and D–G) and seem most probably
to not be very functional. The diameter of the eye varies from
0.22 to 0.9 mm in specimens of different sizes. The otic capsules
are oval, with their major axis around 1.1 to 1.7 mm (Figs. 1 A–I
and 2 D–G). Thus, the long axis of the otic capsule is from 1.8 to
4.3 times the eye axis. The eyes seemingly tend to grow larger in
comparison with the otic capsule during the growth of the animal.
In the specimens where the tip of the snout is comparatively

well preserved, we are able to see the oral hood, and even the
lower lip (Figs. 1 C–I and 2 A, B, and D–G and Figs. S1 A–C and
S2 A and E). In a number of small individuals, the oral hood
seems rather elongated and extended forward (Fig. 1 C–I and
Fig. S1 A–C). This is probably because the lateral lips are thin,
and when the mouth is open the hood is separated from the
lower, transverse lip by deep notches, as in the extant ammo-
coetes (see table 1 in ref. 4 and fig. 3 in ref. 12). The branchial
region is preserved best in IVPP V15114.6 (Fig. 1 A and B). The
seven branchial pouches are clearly discernible in this specimen,
and the first branchial arch and pouch are situated under the
posterior half of the otic capsule, as in many other specimens
(Figs. 1 C, D, H, and I and 2 D–G and Fig. S2 A, E, and F); in

other words, the first branchial arch and pouch are situated more
anteriorly than those in adult lampreys, which is also the case
with extant ammocoetes, as noted by Damas (13), Strahan (14),
and Hardisty (7). According to Damas (13) and Strahan (14), the
branchial region of the lamprey shifted posteriorly during onto-
genesis. The branchial region is much longer and deeper than the
prebranchial region (Table S1). No obvious change of the ratio
between the lengths of the two regions is detected with the in-
crease of size in any of our specimens. Gill openings are traced in
several specimens in their lateral wall of the branchial region
(Figs. 1 H and I and 2 F and G), as in L. reissneri (Dybowski
1869) (personal observations on specimens IVPP 1617, 1622)
and other extant ammocoetes (see fig. 1 in ref. 15), although the
shape of the openings is not clear. A reddish stain is often found
slightly behind the branchial region, probably indicative of the
position for the iron-concentrated liver (16).
The median dorsal aorta, along with the paired anterior car-

dinal vein and probably the subchordal rod, left a dark brown
pigmented stripe above the branchial region, sometimes slightly
crimped and broken between the gill pouches (12, 17), and then
the blood vessels continue to run posteriorly between the ab-
domen and the dorsal part of the body till the end of the tail
(Figs. 1 A–I and 2 A and B and Figs. S1 and S2 A–C). Over the
blood vessels the notochord stretches from the level of the otic
capsule backward to the end of the body. The spinal cord, situ-
ated above the notochord, can hardly be distinguished from the
notochord in the fossil specimens. In IVPP V15114.6, just above
the blood vessels, a band with slightly darker color than the area
on top of it, in certain places with striae, may represent the

Fig. 1. Larvae of M. mengae from the Lower Cretaceous of China. These 125-My-old ammocoetes are the earliest known examples of lamprey larvae in the
fossil records, showing almost identical anatomy and life cycle with their living counterparts. (A) Photograph and (B) drawing of IVPP V15114.6A in left view.
(C) Photograph and (D) drawing of IVPP V15165.2A in right view. (E) Photograph of in IVPP V15114.5B in left view and (F) that of the head and anterior part
of the body of E. (G) Photograph of IVPP V15681A in right view. (H) Photograph and (I) drawing of head and anterior part of body of G. (bv, blood vessels; cf,
caudal fin; df, dorsal fin; dt, detrital remains in digestive tract; bo, external branchial opening; bp1, bp7, first and seventh branchial pouch; le, left eye; lo, left
otic capsule; lp, lower lip; lv?, possible remains of liver; ms, myoseptum; nc, notochord; oh, oral hood; re, right eye; ro, right otic capsule; sc, spinal cord).
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notochord; and in this specimen, the spinal cord lies compara-
tively flat above the notochord (Fig. 1 A and B). Lateral to the
notochord and spinal cord, and in the dorsal part of the body,
clear myosepta are discerned, and ∼90 trunk myomeres can be
counted from the end of the branchial region to the end of
the preserved posterior part of the animal in IVPP V15114.4
(Fig. S2 B and C).
In several small individuals, the long, low, and continuous

dorsal fin fold extends all of the way along the dorsal side of the
body from the end of the tail almost to the point above the back
of the otic capsule (Fig. 1 A–D). The dorsal fin is a thin, membrane-
like structure, without radials. There are definitely no paired fins.
The tail in small individuals tapers at the end. In the abdomen a
few lengthened patches of relatively coarse sediments are clearly
shown (Figs. 1 A and B and 2A and Fig. S2 B and C). They must
be the detrital remains in the intestine, indicating the animals
were filter feeders (Fig. 3 A, a2), just like the living ammocoetes
who fed on microscopic plant and animal particles together with
a large amount of detritus (18). In the parasitic adult lamprey,
there is no detritus in the intestine, whereas in the nonparasitic
adult lamprey, the intestine is degenerated. Incidentally, our
previous interpretations of the gonads and the digestive tract in
the holotype ofM. mengae (10) appear to be incorrect in the light
of this discovery. The so-called “gonads”might be detrital remains
in the intestine [as one of the reviewers of ref. 10 then correctly
pointed out], and their circular shape may have reflected the in-
sertion lines of the typhlosole, which is for lengthening the time

when food travels through the intestine, providing additional ep-
ithelial surface for absorption. The thin dark band in the middle
of the body, labeled as “dt?” (“possible digestive tract”) in that
specimen, must be the blood vessels as we interpret here.
With all the characteristics mentioned above, these seven

small specimens, i.e., IVPP V15034, 15165.2, 15114.2, 15114.5–7,
and 15681, are undoubtedly ammocoetes. There is almost no
distinction between these specimens and the ammocoetes of
extant lampreys.
Nevertheless, in addition to ammocoete characters, the five

larger specimens also show the characters that normally occur
during metamorphosis (Fig. 2 A–G and Fig. S2 A–C, E, and F).
These specimens have the body length comparable to our pre-
viously described specimens (10). In IVPP V15032 and 15506 the
oral hood seems much thickened, giving the snout a more
rounded appearance (Figs. 2 D and E and 3B and Fig. S2E).
These five larger ammocoetes must be already at the initial stages
of metamorphosis (4). In the largest specimen, IVPP V15030
with a length of 93.5 mm, the snout is pointed with a small
rounded tip, yet its first branchial arch and opening are still under
the otic capsule (Fig. 2 A, F, andG). No actual oral disk has been
detected in any of the specimens. The anterior portion of the
notochord is clearly shown in IVPP V15030 and 15032, and the
extensive space above this portion must have housed the brain
(Fig. 2 D–G). In these larger specimens the posterior part of the
dorsal fin is obviously higher than the rest of the skin fold and has
radials (Fig. 2C and Fig. S2D). In IVPP V15030 a small caudal fin

Fig. 2. Early transformers of M. mengae. (A) Photograph of IVPP V15030 in left view. (B) Photograph of IVPP V15032 in left view. (C) Box area in B in higher
magnification, showing the radials. (D) Photograph and (E) drawing of the head and anterior part of the body of A. (F) Photograph and (G) drawing of the
head and anterior part of the body of B. (For abbreviations, see Fig. 1).
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is observed (Fig. 2A). These changes occur in early stages of the
seven stages of metamorphosis of living lampreys (4, 19). Conse-
quently, we consider these five larger individuals, with a number of
ammocoete characters as well as the characters only appearing in
early stages of metamorphosis, as early transformers.

Discussion
When we describedM. mengae in our previous paper (10), we did
suspect that the two specimens of M. mengae might be “late
transformers,” judging mainly from the small body length. The
eyes in the holotype of M. mengae are already relatively large,
just slightly smaller than the otic capsules; its posterior part of
the dorsal fin contains radials; its first branchial pouch is situated
behind the otic capsule—even the piston cartilage is developed—
and the oral opening is surrounded by radiating rectangular
depressed areas, presumably covered by tooth plates, forming
the sucking disk (10 and Fig. 3C). Compared with the five larger
specimens here, the holotype of M. mengae seems much more
advanced developmentally in having the characters that normally
occur in late stages of metamorphosis, or even in adults. As is
well known, when the ammocoetes of living lampreys grow to a
certain size [∼100 mm (4)], they reach the time of meta-
morphosis, and the total body length does not alter much during
metamorphosis (4). The mean length of metamorphosing stages
1–7 has been examined for several representative forms, which is
no longer than 129 mm (4). However, the size at the onset of
metamorphosis varies in different species and individuals. Müller
(2, p. 301) examined a 6-inch (= 152 mm) long ammocoete of
Petromyzon, which “showed no traces of metamorphosis.” Thus,
the differences of size between the holotype of M. mengae (85
mm, as an adult or late transformer) and those we described here
(82–93.5 mm, as early transformers) are considered ontogenetic,
and hence intraspecific, variability. In fact, as the ammocoetes
we described here are found from the same locality and strata
where M. mengae was discovered, it is reasonable to assume that
these ammocoetes are the larvae of M. mengae (10).
The sizes of Mayomyzon pieckoensis (20) and H. montanensis

(21) from the Carboniferous [some 300–330 Ma (22)] of North
America are also small (33–61 mm and less than 100 mm in length,

respectively). They also possess a number of larval characters,
e.g., no oral sucker, no teeth, a long dorsal fin, and the first two
branchial pouches under the otic capsule (in M. pieckoensis
only). At the same time, they show the characteristics compa-
rable to those found in adult lampreys, e.g., cranial cartilage,
piston cartilage (in M. pieckoensis only), and large eyes, etc. (20,
23). Similarly, the Late Devonian (about 360 Ma) fossil lamprey,
Priscomyzon riniensis from South Africa (9), is also very small,
only 42 mm long, and shows the larval character in its forward
placed branchial apparatus and a long and continuous dorsal
fin. However, P. riniensis possesses a large oral disk with cir-
cumoral teeth, undoubtedly an adult character. Moreover, the
Paleozoic fossil lampreys were all found in marine deposits, and
there is no evidence of their occurrence in fresh water. On the
contrary, the extant lamprey larvae are all restricted to fresh
water, and they cannot even survive in the estuarine environ-
ment (24). It has been suggested that just like the other jawless
group, the hagfish, these Paleozoic fossil lampreys grew directly
from a hatched embryo into an adult in the sea (7). The alter-
native interpretation is that the earliest lampreys were very
small and larva-like or paedomorphic, and metamorphosis de-
veloped only after lampreys moved into fresh water (24, 25).
Our materials, found in the freshwater deposits, show clearly

that about 125 Ma lampreys not only were almost identical to
their present counterparts morphologically, but also had a very
similar life cycle, consisting of a larval, a metamorphosis, and an
adult stage, except that their bodies were smaller (Fig. 3).
Lampreys have been extensively studied for nearly two cen-

turies, and the last two decades have witnessed an accelerated
progress on lamprey studies, especially in areas such as chordate
phylogeny (26–28), metamorphosis in vertebrates (29), and mo-
lecular and developmental biology (30, 31). Although “lampreys
enter the genomic era” (25, p. 223), their fossils only begin to
emerge in an unprecedented rate and quality. As the body sizes of
the transformers we described here (Figs. 2 and 3B and Fig. S2)
are generally larger than the earlier Paleozoic fossil lampreys but
smaller than their living counterparts, this seems to support the
notion that there is indeed a trend to lengthen larval life during
the evolution of lampreys (7). Additionally, the lengthening of

Fig. 3. Specimens and restorations of larva, early transformer, and adult of M. mengae, showing its three-phased life cycle, which emerged at least 125 Ma.
(A) Larva (ammocoete) ofM. mengae. a1, restoration of larvalM. mengae; a2, restoration of burrowing larvae ofM. mengae (cf. fig. 4.1 in ref. 7, not to scale);
a3, photograph of IVPP V15034B in right view. (B) Early transformer of M. mengae. b1, restoration; b2, photograph of IVPP V15506B in right view (original
photo horizontally flipped). (C) Adult or late transformer of M. mengae. c1, photograph of holotype (IVPP V14719) of M. mengae in right view; and c2, its
restoration. (the circle in white dotted line in a1, b1, and c1 representing the position of otic capsule).
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larval life and the introduction of metamorphosis into the life
cycle consequently postponed reproductive maturation, which
may have some selective advantages such as more optimized re-
productive behavior, changed egg size, and increased fecundity
(24). Our discovery also demonstrates that such a developmental
innovation in lampreys occurred no later than the Early Creta-
ceous, and this type of metamorphic mode has virtually unchanged
for about 125 My.
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