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Fig. 14.

tMahengichthys singidaensis n. gen. n.sp. Caudal vertebrae and anal fin. A, MB.f.19057a. B, MB.f.19058.
Scales = 1 mm. Abbreviations; 1st.apt, Istanal pterygiophore; a.r,analray; b.epi, epicentralbones; b.epn, bony
epineurals; hs, haemal spine; na, neural arch; ns, neural spine; vc, vertebral centrum.

compound centrum in specimen MB.f.19061a/b, but is separated from the centrum as in extant kneriids.
Hypural 3 is incompletely preserved in the holotype; however, it is even broader than hypural 2 in speci-
men MB.£.19058. Hypurals 4 to 6 decrease in size dorsally. An elongate separation or diastema is observed
between hypurals 2 and 3.

The caudal fin presents 13 or 14 dorsal procurrent rays, 19 principal rays (10 in the dorsal lobe and 9
in the ventral one), and about 7 or 8 ventral procurrent rays. The first and last principal rays are thicker
than other principals, with many short segments, and the joints between segments are slightly Z-like as in
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Fig. 15.

tMahengichthys singidaensis n. gen. n. sp. A, restoration of caudal endoskeleton in lateral view based on holotype
MB.£.19057a. B, caudal skeletonand finof MB.£.19061a. Scales =1 mm. Abbreviations: E,epurals; H1-6, hypurals
1-6; hsPU2, haemal spine of preural centrum 2; naCC, neural arch of compound terminal centrum; nsPU2, neural
spine of preural centrum 2; PH, parhypural; PL, pleurostyle; PU4, preural centrum 4.

other primitive fossil (ARRATIA 2008) and extant forms (e.g., Elops and Megalops ARRATIA 2009: fig. 15).
In extant Kneria and Parakneria, the segmentation of the first and last principal rays is almost straight.

Scales. Remnants of scales are observed in between the neural and haemal spines, especially in the cau-
dal region, where the long longitudinal ridges characterizing the scales are preserved (Fig. 16C). Radii in
the anterior field of the scales have not been observed. The density of the ridges makes it impossible to
observe isolated scales, only the imbricated squamation.
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Fig. 16.
A, B, scales of Recent Kneria showing the characteristic ridged pattern of the surface (BMNH 1976.10.20.142-159).
C, caudal region of the holotype MB.£.19057a. Arrows point to the ridged pattern of the scales. Scales = Imm.

The fossil scales resemble those present in Recent kneriids, especially Kneria species with longitudinal
ridges, which become slightly undulating in the middle field of the scales (see Fig. 16 A,B). In Parakneria,
long, almost straight longitudinal ridges are placed near the dorsal and ventral borders of the scales, but
the ridges in the middle field are wavier than in Kneria. No radii are observed in the scales of tribe Kneriini,
while they are present in Phractolaemus (KUMNH 41050), which in addition present large scales without
longitudinal ridges.

The structure of the scales in the fossil and recent kneriids is interpreted here as a potential synapo-
morphy of this tribe. The scale morphology within the family and other gonorynchiforms is in need of
further study.
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Relationships of the Gonorynchiformes based on parsimony (A) and maximum likelihood (B) analyses of 128
morphological characters modified from POYATO-ARIZA et al. (2010b). Numbers below nodes denote bootstrap
values, with only values greater than 50 shown. Results from parsimony analysis (A) are presented as a strict
consensus of 25 equally parsimonious trees (232 steps).

Phylogenetic relationships

Morphological data. Figure 17 shows the strict consensus of 25 equally parsimonious trees from the
maximum parsimony analysis (Fig. 17A), and the optimal maximum likelihood (Fig. 17B) topology for
gonorynchiform fishes based on the modified morphological data of POYATO-ARIZA et al. (2010b). For
parsimony, of the 128 morphological characters, 87 were phylogenetically informative (tree length of 232,
consistency index of 0.707, retention index of 0.081). In both analyses there is strong bootstrap support
for the monophyly of the Gonorynchiformes and of each of the three families (Chanidae, Gonorynchidae,
Kneriidae). Relationships among gonorynchiform families were identical to results of POYATO-ARIZA
et al. (2010b) for both methods, with Chanidae sister to a clade of Kneriidae + Gonorynchidae. Evolution-
ary relationships within the family Kneriidae are identical between the two methodologies (Fig. 17 A,B).
The subfamily Phractolaeminae (Phractolaeumus) was recovered as the sister group to a well-supported
subfamily Kneriinae. The paedomorphic Cromeria and Grasseichthys were recovered as sister taxa with
high bootstrap support (tribe Cromerini) with both methodologies. This clade is sister to a strongly sup-
ported tribe Kneriini, which includes Parakneria as the sister group to a clade of Kneria + *Mahengichthys
singidaensis.

Total evidence. The maximum likelihood phylogeny for a combined morphological (Appendix 1) and
molecular (Table 1) analysis is shown in Figure 18. As with the morphological data alone, there is strong
bootstrap support for the monophyly of the Gonorynchiformes and all families. However, the relationships
among families differ from the morphological analysis, with Gonorynchidae sister to Chanidae + Kneriidae.
This result is consistent with the findings of LAVOUE et al. (2005, 2012) that were based on mitogenomic
data alone. The family Kneriidae is again composed of subfamily Phractolaeminae (Phractolaeumus) sister
to a well-supported subfamily Kneriinae. The tribe Cromerini (Cromeria and Grasseichthys) is recovered
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with weak-moderate bootstrap support, while the tribe Kneriini (Kneria, Parakneria, and +*Mahengichthys
singidaensis) has strong support. The fossil kneriid tMahengichthys singidaensis is again recovered as the
sister lineage to the extant genus Kneria, within the Kneriini.

Evolution and divergence of the Kneriidae. The Bayesian time trees, based on a synthesis of divergence
estimates from mitogenomic data and fossil calibrations, are shown in Figures 19 and 20. Information
regarding the divergence times of lineages of Gonorynchiformes can be found in Table 2. The highest
posterior densities (HPD) refer to the interval of age ranges from which 95 % of all sampled ages were
found during the divergence analysis. Comparisons to the divergence estimates for gonorynchiforms
from previous studies that did not include calibration information for the family Kneriidae based on fos-
sil specimens described herein are also included in Table 2. Our first hypothesis (Table 2A) of divergence
time estimations is reconstructed with the tribe Cromerini (Grasseichthys + Cromeria) constrained to be
monophyletic (Fig. 19), as indicated by the optimal results of our likelihood total evidence study that in-
corporated both mitogenomic and morphological information (Fig. 18). Our second hypothesis (Table 2B)
does not include a constraint on the monophyly of Cromerini, as mitogenome data alone does not recover
this clade in previous studies (LAVOUE et al. 2005, LAVOUE et al. 2012). The order Gonorynchiformes is
estimated to have diverged during the Jurassic (Figs. 19, 20; Table 2A,B), with the most recent common
ancestor of the families Chanidae + Kneriidae also diverging during this time. Our results indicate that the
genus Gonorynchus diverged during the Late Cretaceous to Paleogene (Figs. 19, 20; Table 2A,B). The family
Kneriidae most likely diverged during the Late Jurassic to Early Cretaceous, with the subfamily Kneriinae
diverging in the Late Cretaceous to the Paleocene Epoch of the Paleogene (Figs. 19, 20, Table 2A,B). During
the Late Cretaceous to Paleogene, both tribes Kneriini and Cromerini are already established (Figs. 19, 20;
Table 2A,B). When Cromerini are constrained to be monophyletic, the tribe’s estimated divergence age
is slightly older than that of Kneriini (Fig. 19, Table 2A).
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Discussion

Based on our descriptions and subsequent phylogenetic analysis, we indicate that tMahengichthys singida-
ensis is the first known fossil representative of the gonorynchid family Kneriidae. POYATO-ARIZA et al.
(2010b) suggested that while gonorynchiforms in general have expansive fossil records, fossil representa-
tives of the exclusively freshwater kneriids have previously been difficult to recover as a result of poor
fish preservation in central and Sub-Saharan Africa, and scarce field work in Cenozoic African localities.
The Mahenge formation is well known for its excellent preservation of whole to completely articulated
fish specimens (e.g.,, GREENWOOD & PATTERSON 1967, MURRAY 2003b, KAISER et al. 2006), and is
located within the present distribution of extant taxa for the family Kneriidae. Specimens of *Mahengich-
thys singidaensis are unambiguously identified as a member of the Gonorynchiformes by the following
synapormorphies: postparietal bones [= parietal bones] reduced or absent, premaxilla rounded and lacking
an ascending process, neural arch of first vertebra contacting occipital region, rib on third vertebra slightly
shorter and broader than following ribs, and intermuscular bones represented by epineurals, epicentrals,
and epipleurals.

Phylogenetic position of tMahengichthys singidaensis and the evolutionary relationships of Kneriidae

Our likelihood analyses with both morphological and total evidence approaches indicate that tMahengichthys
singidaensis is a kneriid taxon with strong support as a member of the tribe Kneriini, which includes the
extant genera Kneria and Parakneria (Figs. 17A,B, 18). Morphological synapomorphies uniting tMahengichthys
singidaensis within the family Kneriidae, for characters that could be observed in the available specimens,
include (see appendix 1 in POYATO-ARIZA et al. 2010b, **indicates homoplasy): presence of wings on
lateral ethmoids (19[1]), absence of mandibular sensory canal (32**[1]), presence of postero-dorsal ascend-
ing process of interopercular bone (67 [1]), and anterior neural arches contacting with no overlap (77**[1],
78 in POYATO-ARIZA et al. 2010b). Synapomorphies that support the position of *Mahengeichthys singi-
daensis within subfamily Kneriinae include: postparietals [= parietals of traditional terminology] absent as
independent ossifications (15[3]), mesethmoid long and slender, with anterior elongate lateral extensions
(18[1]), and articular head of hymandibular bone double, with anterior articular surface separate from
posterior articular surface (45**[1]). Synapomorphies that support placement within tribe Kneriini include:
shape of opercular bone in lateral view squarish or square (53 [2]), first six anterior epicentral bones highly
modified and larger than posterior ones (83[1], 84 in POYATO-ARIZA et al. 2010b), and lateral line not
piercing supracleithrum (88[2], 89 in POYATO-ARIZA et al. 2010b).

The phylogenetic position of tMahengichthys singidaensis within the tribe Kneriini is well supported
across all analyses performed herein (Figs. 17-18). Both the morphological and total evidence analyses

Table 2.

Divergence time estimates for Gonorynchiformes in millions of years ago (Ma), with the range of estimates rep-
resenting a 95 % interval of sampled ages. Divergence time estimates from this study include two hypotheses.
In the first one, the tribe Cromeriini is constrained to be monophyletic (A), as inferred from the total evidence
analysis. In the second, no constraints are placed on monophyly within the family Kneriidae (B). The two separate
estimates from LAVOUE et al. (2012) refer to their two reconstruction methods in the absence of fossil kneriid
information. The first included a narrow range between minimum and upper ages for priors (A), and the second
included a more conservative range of ages (B).

Clade This study LAVOUE et al. 2012 NAKATANI et al. 2011
A B A B

Neopterygii 316-285 320-285 n.a. n.a. n.a.
Teleostei 272-193 285-199 n.a. n.a. n.a.
Gonorynchiformes 185-147 193-147 145-120 265-175 280-230
Gonorynchus 85-29 85-26 75-20 125-25 n.a.
Families Chanidae + Kneriidae = 171-141 177-141 122-110 230-135 260-210
Family Kneriidae 152-107 160-110 110-71 198-103 212-152
Subfamily Kneriinae 93-58 96-63 67-31 114-49 n.a.
Tribe Kneriini 78-48 70-47 45-12 75-20 n.a.
Tribe Cromeriini 87-52 n.a. n.a. n.a. n.a.
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Divergence time estimations for the Gonorynchiformes where tribe Cromeriini (Cromeria + Grasseichthys) is
constrained to be monophyletic as inferred by the total evidence analyses (Fig. 18). Red bars denote 95 % or
higher posterior densities (Table 2). All nodes possessed posterior probabilities greater than 95 %. Please refer
to Materials and Methods for information regarding node calibrations.

strongly support the monophyly of the family Kneriidae, with Phractolaemus as the sister group to a well-
supported subfamily Kneriinae (Fig. 21). These results are consistent with previous phylogenetic hypotheses
(e.g., GRANDE & POYATO-ARIZA 1999, LAVOUE et al. 2005, POYATO-ARIZA et al. 2010b, LAVOUE
et al. 2012). Within Kneriinae, there is strong support for the monophyly of the tribe Kneriini (Parakneria,
Kneria, and tMahengichthys singidaensis) across all analyses herein (Fig. 21).

The evolutionary relationships of the genera Grasseichthys and Cromeria within Kneriinae have been
the focus of recent controversy, primarily regarding the use of reductive characters as character states in
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Divergence time estimations for the Gonorynchiformes where tribe Cromeriini (Cromeria + Grasseichthys) is not
constrained to be monophyletic. Red bars denote 95 % higher posterior densities (Table 2). All nodes possessed
posterior probabilities greater than 95 %. Please refer to Materials and Methods for information regarding node
calibrations.

morphological phylogenetic reconstructions of relationships. Previous morphological systematic studies
(GRANDE & POYATO-ARIZA 1999, POYATO-ARIZA et al. 2010b) recovered Cromeria and Grasseichthys as
sister groups (Cromeriini) within Kneriinae; however, BRITZ & MORITZ (2007) argued that the characters
supporting this clade are largely reductive in nature (e.g., lack of body scales, loss of interhyal [but see
comments on character 47, p. 330], loss of nasal bones), with no unambiguous derived states uniting this
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ported Cromeriini with our analyses

utilizing their characters, albeit slightly modified (Figs. 17-18). Previous phylogenetic studies based on
mitogenomic data alone (e.g., LAVOUE et al. 2005, LAVOUE et al. 2012) do not recover a monophyletic
Cromeriini, and instead hypothesize that Cromeria is the sister lineage to Grasseichthys + Kneriinae. However,
when mitogenomic data were included in our total evidence analysis, we again recover a well-supported
monophyletic tribe Cromeriini. LAVOUE et al. (2012) investigated the character evolution of 22 reductive/
absent characters discussed in BRITZ & MORITZ (2007), and identified that under the hypothesis of a
monophyletic Cromeriini, seven (DELTRAN) or eleven (ACCTRAN) of these reductive/absent characters
would be interpreted as synapormorphies for the tribe. The remaining eleven reduced or absent characters
are autapomorphic. The results from our study support the monophyly of the Cromeriini and suggest
that these reduced and absent characters (GRANDE & POYATO-ARIZA 1999, BRITZ & MORITZ 2007,
POYATO-ARIZA et al. 2010b) are most likely the result of shared ancestry, although we believe further
molecular (particularly nuclear genes) and developmental morphological work is needed to further explore
paedomorphism in the Kneriidae.

Comments on tMahengichthys singidaensis and paedomorphism

Specimens of tMahengichthys singidaensis described here do not show any evidence of cranial miniaturiza-
tion, and the specimens themselves are considerably larger than observed sizes for miniaturized fishes
(e.g., WEITZMAN & VARI 1988, BRITZ et al. 2009, BRITZ & CONWAY 2009). As discussed previously,
tMahengichthys singidaensis shares a number of synapomorphies with the Kneriinae, and our results further
indicate that this taxon is more closely related to the extant non-paedomorphic genus Kneria. It is interest-
ing, however, that all fossil specimens of tMahengichthys singidaensis collected to date possess elongated
neural and haemal spines that extend to the margins of the body, a morphology that is also present in the
paedomorphic taxa Grasseichthys and Cromeria (BRITZ & MORITZ 2007), but not in Kneria and Parakneria.
Also of note is that tMahengichthys singidaensis differs from extant kneriids in the number of supraneurals,
possessing four to five, while extant kneriids have only one (86[0], 87 in POYATO-ARIZA et al. 2010b).

Temporal divergence of the Kneriidae with comments on historical biogeography

The age of the Mahenge deposits, approximately 46 Ma, suggests that the family Kneriidae is minimally
of Eocene age, although the phylogenetic position of tMahengichthys singidaensis within the tribe Kneriini
indicates that the family itself is likely older than the Eocene. Previous studies that estimated the diver-
gence times of the Gonorynchiformes and the family Kneriidae (e.g., NAKATANI et al. 2011, LAVOUE et
al. 2012) did not include fossil calibration information for the Kneriidae, as this is the first study to iden-
tify and describe a kneriid from the fossil record. LAVOUE et al. (2012) calibrated their gonorynchiform
divergence-time estimates with two different calibration-prior schemes in an attempt to account for their
lack of kneriid fossil calibrations; the first was a narrow exponential prior with a hard minimum age and
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a soft upper age that was 15 % greater than the minimum age (Table 2, reconstruction 1), and the second
was a more conservative uniform prior with only a hard minimum age and a maximum upper estimate
of 271 Ma that corresponded to estimated divergence times from additional divergence-time studies of
Ostariophysi in SAITOH et al. (2011) and NAKATANI et al. (2011). (Table 2, reconstruction 2). LAVOUE
et al. (2012) also included only two fossil calibrations, both from the family Chanidae, and only a single
outgroup taxon (the cypriniform Carassius auratus).

Our divergence-time estimates for gonorynchiform fishes are the first to include information regarding
the fossil record of the Kneriidae, with four additional conservative fossil calibrations distributed across the
evolutionary history of actinopterygian fishes (Figs. 18-19; please see Materials and Methods for detailed
calibration and prior information). In general, our divergence-time estimates for the Gonorynchiformes and
the major gonorynchiform lineages fall in between the two divergence-time reconstructions of LAVOUE et
al. (2012), and are considerably younger than other mitogenomic divergence-time studies of ostariophy-
sans (Table 2). While the oldest fossil taxa associated with Gonorynchiformes are known from the Early
Cretaceous, such as TRubiesichthys and tGordichthys (e.g., WENZ, 1984, FARA et al. 2007, FARA et al. 2010,
POYATO-ARIZA et al. 2010a), our study suggests that the Gonorynchiformes first diverged during the
Jurassic (Figs. 19-20, Table 2), and most likely in a marine environment (NAKATANI et al. 2011). Previ-
ous studies have suggested that the broad geographic distribution (predominantly Tethys Ocean) of fossil
gonorynchiform taxa in the families Chanidae and Gonorynchidae, in combination with their occurrences
in the fossil record during the Early and Late Cretaceous, indicates that major lineages of gonorynchiform
fishes were well established by the Early Cretaceous (e.g., GRANDE, 1999; POYATO-ARIZA et al. 2010a).
Our divergence-time estimates support this hypothesis, with all three families of gonorynchiform fishes
estimated to have diverged between the Jurassic and the Late Cretaceous (Figs. 18-19; Table 2).

All extant members of the family Kneriidae are exclusively freshwater fishes distributed throughout
Sub-Saharan Africa. It is therefore unsurprising that the first fossil Kneriid is identified from a freshwater
lake habitat located in Tanzania. Our results indicate that the common ancestor of the family Kneriidae
most likely invaded freshwater systems of Africa sometime during the Late Jurassic to Early Cretaceous,
subsequently diversifying throughout Sub-Saharan Africa. During the initial time of estimated divergence
for the family, Africa was still directly connected to South America, with the two landmasses beginning to
“unzip” approximately 130 Ma ago (ALI & KRAUSE 2011). However, the subfamily Kneriinae is estimated
to have diverged and diversified during the Late Cretaceous (Figs. 18-19, Table 2), following the complete
separation of Africa and South America. During the Paleogene, the major lineages of the subfamily Kneriinae
are estimated to have already diverged, including the paedomorphic tribe Cromeriini and the tribe Kneriini.
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Appendix 1

Abbreviated list of 128 characters reproduced and modified herein from the investigation of POYATO-ARIZA
et al. (2010b). Characters in parentheses refer to the character number in POYATO-ARIZA et al. (2010b) where
they differ from this study.

1.
2.
3.

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.

22.
23.

24.
25.

26.
27.

28.
29.

Orbitosphenoid: present [0]; absent [1].

Basisphenoid: present [0]; absent [1].

Pterosphenoids: well developed and articulating with each other [0]; slightly reduced, not articulating
anteroventrally but approaching each other anterodorsally [1]; greatly reduced and broadly separated both
anteroventrally and anterodorsally [2].

Posterolateral expansion of exoccipitals: absent [0]; present [1].

Exoccipitals: posteriorly smooth with no projection above basiocipital [0]; with posterior concave-convex
border and projection above basioccipital [1].

Cephalic ribs: absent [0]; present and all articulating with exoccipitals [1]; present and articulating with
both exoccipitals and basioccipital [2].

Brush-like cranial intermuscular bones (sensu PATTERSON & JOHNSON 1995): absent [0]; present [1].
Nasal bone: small but flat [0]; just a tubular ossification around canal [1]; absent as independent ossifica-
tion [2].

Frontals: wide all through most of their length, narrowing anteriorly to form triangular anterior border [0];
elongate and narrow except in postorbital region [1]; wide, anteriorly shortened, anterior border roughly
straight [2]; roughly rectangular in outline, narrow throughout length [3].

Interfrontal fontanelle: absent [0]; present [1].

Frontal bones: paired in adult [0]; co-ossified, with no median suture [1].

Foramen for olfactory nerve in frontal bones: absent [0]; present [1].

Relative position of parietals: medioparietal (in full contact with each other along midline) [0]; mesoparietal
[1]; lateroparietal (completely separated from each other by supraoccipital) [2].

Parietal portion of supraorbital canal: absent [0]; present [1].

Parietals: large [0]; reduced but flat and blade-like in shape [1]; reduced to canal-bearing bones [2]; absent
as independent ossifications [3].

Supraoccipital crest: small, short in lateral view or absent [0]; long and enlarged, projecting above occipital
region and first vertebrae, forming vertical, posteriorly deeply pectinated blade [1].

Foramen magnum: dorsally bounded by exoccipitals [0]; enlarged and dorsally bounded by supraoccipi-
tal [1]

Mesethmoid: wide and short [0]; long and slender, with anterior elongate lateral extensions [1]; large, with
broad posterolateral wing-like expansions [2]; elongated and thin [3].

Wings (extensions) on lateral ethmoids: absent [0]; present [1].

Teeth in premaxilla, maxilla, and dentary: present [0]; absent [1].

Premaxilla: consisting of one solid portion [0]; premaxilla consisting of two distinct portions, with shorter,
non-osseous element lying ventral to much longer osseous portion, which in turn articulates with maxilla [1].
Premaxillary “gingival teeth”: absent [0]; present [1].

Premaxilla: small, flat and roughly triangular [0]; large, very broad, concave-convex, with long oral proc-
ess [1]; narrow and elongated, its length more than one half length of maxilla [2].

Premaxillary ascending process: present [0]; absent [1].

Dorsal and ventral borders of maxillary articular process: straight or slightly curved [0]; very curved, almost
describing an angle [1].

Maxillary process for articulation with autopalatine: absent [0]; present [1].

Posterior region of maxilla: slightly and progressively expanded to form thin blade, with roughly straight
posterior border [0]; very enlarged, swollen to bulbous outline, with curved posterior border [1].
Supramaxilla(e): present [0]; absent [1].

Notch between dentary and angulo-articular bones: absent [0]; present [1].

30(28). Articulation between dentary and angulo-articular: strong, dentary not V-shaped posteriorly [0]; loose,

31.
32.
33.

34.
35.

with posteriorly V-shaped dentary [1].

Notch in antero-dorsal border of dentary: absent [0]; present [1].

Mandibular sensory canal: present [0]; absent [1].

Inferior and superior enlarged retroarticular processeses of mandible: both absent [0]; inferior retroarticular
process present, superior retroarticular process absent [1]; both inferior and superior retroarticular processes
present [2].

Quadrate with: posterior margin smooth [0]; elongated forked posterior process [1].
Quadrate-mandibular articulation: below or posterior to orbit, no elongation or displacement of quadrate [0];
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36.

37.

38.

39.
40.
41.

42.
43.
44.

45.

46.
47.
48.
49.
50.
51.
52.

53.
54.
55.
56.
57.
58.

59.
60.

61.
62.
63.
64.
65.

66.
67.
68.
69.

70.

71.
72.

anterior to orbit, quadrate displaced but not elongate [1]; anterior to orbit, with elongation of body of quad-
rate instead of displacement [2].

Symplectic: elongated in shape but relatively short [0]; very long, about twice length that of ingroup [1]; ab-
sent as independent ossification [2].

Symplectic and quadrate: articulating directly with each other [0]; separated through cartilage [1]; no contact
due to absence of symplectic [2].

Metapterygoid: large, broad, and in contact with quadrate and symplectic through cartilage [0]; reduced to
thin rod [1].

Dermopalatine: present [0], absent [1].

A patch of about twenty conical teeth on endopterygoids and basibranchial 2: absent [0]; present [1].
Ectopterygoids: well developed, ectopterygoid overlapping with ventral surface of the autopalatine by at least
50 % [0]; well developed, with three branches in lateral view, reduced but direct contact with autopalatine
[1]; reduced, articulating with ventral surface of autopalatine by at most 10 % through cartilage, resulting
in loosely articulated suspensorium [2]; absent as distinct ossifications [3].

Teeth on vomer and parasphenoid: absent [0]; present [1].

Anterior portion of vomer: horizontal [0]; anteroventrally inclined, nearly vertical [1]; dorsally curved [2].
Spatial relationship between vomer and mesethmoid anteriorly: vomer and mesethmoid ending at about
same anterior level [0]; mesethmoid extending anteriorly beyond level of anterior margin of vomer [1]; vomer
extending anteriorly beyond level of anterior margin of mesethmoid [2].

Articular head of hyomandibular bone: double, with both articular surfaces placed on dorsal border of main
body of bone [0]; double, with anterior articular surface forming separate head from posterior articular
surface [1].

Metapterygoid process of hyomandibular bone: absent [0], present, anterior [1]; present, ventral [2].
Ossified interhyal: present [0]; absent as independent ossification [1].

Teeth on fifth ceratobranchial: present [0]; absent [1].

First basibranchial in adult specimens: ossified [0]; unossified [1].

Fifth basibranchial in adult specimens: cartilaginous [0]; ossified [1].

First pharyngobranchial in adult specimens: ossified [0]; unossified [1].

Size of opercular bone: normal, about one quater of head length [0]; expanded, at least one third of head
length [1].

Shape of opercular bone in lateral view: rounded/oval [0]; triangular [1]; squarish or square [2].
Opercular spines: absent [0]; present [1].

Opercular apparatus on external surface of operculum: absent [0]; present [1].

Opercularborders: freefromsideofhead[0]; partially oralmostcompletely connected toside of head withskin[1].
Angle formed by preopercular limbs: obtuse [0]; approximately straight [1]; acute [2].

Posterodorsal limb of preopercular bone: well developed [0]; reduced, correlated with expansion of anter-
oventral limb that meets its fellow along ventral midline [1].

Ridge on anteroventral limb of preopercular bone: absent [0]; present [1].

Preopercular expansion: absent, preopercular not enlarged [0]; present, restricted to posteroventral corner [1];
present in posteroventral corner and part of posterodorsal limb [2]; present in anteroventral limb only [3].
Supraopercular bone: absent [0]; presentasrelatively large, flat bone [1]; present as tubular ossification(s) [2].
Spine on posterior border of subopercular bone: absent [0]; present [1].

Major axis of subopercular bone in lateral view: inclined [0]; subhorizontal [1]; subvertical [2].
Subopercular clefts: absent [0]; present [1].

Interopercular bone: relatively broad and positioned medioventral to preopercular bone [0]; reduced to long
thin spine and positioned mediodorsal to preopercular bone [1]; reduced to long thin spine and positioned
lateroventral to preopercular bone [2].

Spine on posterior border of interopercular bone: absent [0]; present [1].

Posterodorsal ascending process of interopercular bone: absent [0]; present [1].

Number of infraorbitals: five or more [0]; four [1]; three or fewer [2].

Infraorbital bones not including lacrimal: well developed [0]; reduced to small, tubular ossifications [1];
hypertrophied [2].

Lacrimal: flatand comparable in length to subsequent infraorbitals [0]; tube-like and extremely long, without
keel [1]; flat, long, and large, with keel near lower edge [2]; long and large, with spines and crests [3].
Supraorbital: present [0]; absent [1].

Two anteriormost vertebrae: as long as posterior ones [0]; shorter than posterior ones [1].

73(74). Autogenous neural arch anterior to arch of first vertebra: present [0]; absent [1].
74(75). Neural arch of first vertebra and exoccipitals: separate [0]; in contact [1].
75(76). Neural arch of first vertebra and supraoccipital: separated [0]; in contact [1].

358



76(77). Spine on the neural arch of first vertebra: present, well developed [0]; present but reduced [1]; ab-
sent [2].

77(78). Anterior neural arches: no contact with adjoining arches [0]; contacting adjoining arches with no over-
lapping [1]; overlapping contact with adjoining arches [2].

78(79). Unmodified neural arches anterior to dorsal fin in adults: fused to centra [0]; autogenous, at least later-
ally [1].

79(80). Neural arches of vertebrae posterior to dorsal fin in adults: fused to centrum [0]; autogenous, at least
laterally [1].

80(81). First two anterior parapophyses: autogenous [0]; fused to centra [1].

81(82). Rib on third vertebral centrum: similar to posterior ones [0]; widened and shortened [1]; modified into
Weberian apparatus [2].

82(83). Paired intermuscular bones consisting of three series: epipleurals, epicentrals, and epineurals: absent [0];
present [1].

83(84). Anterior (first six) epicentral bones: unmodified, no differences in size from others [0]; highly modified,
much larger than posterior ones [1]; epicentrals in anterior vertebrae absent [2].

84(85). Size and arrangement of anterior supraneurals (whatever the number present): large, separate from
each other if more than one supraneural present [0]; larger, in contact with neighbours if more than one
supraneural present [1]; supraneurals greatly reduced in size [2].

85(86). Posterior process on posterior border of first supraneural: absent [0]; present [1].

86(87). Number of supraneurals: several supraneurals in a long series [0]; two or fewer supraneurals [1].

87(88). Postcleithra: present [0]; absent [1].

88(89). Lateral line and supracleithrum: supracleithrum pierced through dorsal region [0]; supracleithrum
pierced throughout its length [1]; supracleithrum not pierced by lateral line [2].

89(90). Fleshy lobe of paired fins: absent [0]; present [1].

90(91). Caudal fin morphology: elongated, posteriorly forked [0]; higher than long, slightly incurved posteri-
orly [1]; crescent-shaped [2].

91(92). Fringing fulcra in dorsal lobe of caudal fin: present [0]; absent [1].

92(93). Caudal scutes: absent [0]; present [1].

93(94). Ural centra, preural centrum one, and uroneural one: autogenous [0]; fused [1]; fused except for ural
centrum two, which is autogenous [2].

94 (95). Neural arch and spine of preural centrum one: both well developed, spine about half as long as preced-
ing ones [0]; arch complete and closed, spine rudimentary [1]; arch open, no spine [2].

95(96). Uroneurals: arranged in a linear series [0]; arranged in a double series [1].

96 (97). Number of uroneurals: three [0]; two [1]; one [2].

97(98). Anterior extent of first uroneural: to anterior end of first preural [0]; to anterior end of second preural [1];
to anterior end of third preural [2]; uroneural fused to caudal fin complex [3].

98(99). Uroneural two and second ural centrum: in contact [0]; separated [1]; uroneural two absent [2].

99(100). Parahypural and preural centrum 1: independent in adults [0]; fused only in large adults [1]; fused
since early ontogenetic stages [2].

100(101). Reduction in the number of hypurals: six [0]; fewer than six [1].

101(102). Hypurals 1 and 2: independent [0]; partially fused to each other [1]; totally fused to each other [2].

102(103). Hypural 1 and terminal centrum: articulating [0]; separated by a hiatus [1]; fused [2].

103(104). Hypural 2 and terminal centrum: fused [0]; articulating [1].

104(105). Hypural 5: smaller in size than hypurals 4 and 3 [0]; larger than hypurals 4 and 3 due to its distal
expansion [1].

105(107). Haemal arch and preural centrum 2: fused [0]; independent [1].

106 (108). Postero-lateral process of caudal endoskeleton: absent [0]; present [1].

107(109). Scales on body: present [0]; absent [1].

108(110). Type of scales: cycloid [0]; modified ctenoid [1].

109(111). Lateral line: not extending to posterior margin of hypurals [0]; extending to posterior margin of
hypurals [1].

110(112). Intermandibularis: mainly attaching on dentary [0]; exclusively attaching on angulo-articular [1].

111(113). Protractor hyoidei: not inserting on coronoid process [0]; inserting on coronoid process [1].

112(114). Hyohyoideus inferioris of both sides: mostly overlapping each other [0]; mostly mixing mesially with
each other [1].

113(115). Hyohyoideus abductor: not attaching on pectoral girdle [0]; with significant part of its fibers attach-
ing on pectoral girdle [1].

114(116). Adductor profundus: not subdivided into different sections [0]; subdivided into different sections [1].

115(117). Attachment of adductor profundus: on first pectoral ray only [0]; on first and second pectoral rays [1].
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116 (118). Most lateral bundles of adductor mandibulae: inserting on mandible and/or primordial ligament [0];
attaching also, or even exclusively, on other bones such as maxilla or premaxilla [1].

117(119). Position of adductor mandibulae A1-OST: mostly horizontal [0]; with peculiar anterior portion almost
perpendicular to its posterior portion [1].

118(120). Section A2 of adductor mandibulae: present [0]; absent [1].

119(121). Several small tendons branching off from adductor mandibulae A2: absent [0]; present [1].

120(122). Peculiar adductor mandibulae A1-OST-M: absent [0]; present [1].

121(123). Direct insertion of adductor mandibulae A2 far anteriorly on anteromesial surface of dentary: ab-
sent [0], present [1].

122(124). Dilatator operculi: mainly mesial and/or dorsal to adductor mandibulae A2 [0]; markedly lateral to
A2 [1].

123(125). Peculiar tendon of adductor mandibulae A2 running perpendicular to main body of this section and
connecting it to anteroventral surface of quadrate: absent [0]; present [1].

124(126). Distinct section A3 of adductor mandibulae: absent [0]; present [1].

125(127). Adductor mandibulae Aw: present [0]; absent [1].

126 (128). Adductor arcus palatini: not inserting on preopercle [0]; inserting also on preopercle [1].

127(129). Levator arcus palatini: not divided [0]; divided into two well differentiated bundles [1].

128(130). Origin of dilatator operculi: on ventrolateral surface of neurocranium [0]; on dorsal margin of cranial
roof [1].

Appendix 2

The morphological data matrix for 128 characters that have been modified herein from the investigation of
POYATO-ARIZA et al. (2010b). Polymorphisms are indicated by a cell with more than one state. State N repre-
sents the character is not applicable. Characters in italics refer to the character number in POYATO-ARIZA et
al. (2010b) where they differ from this study.

1234567 89101112131415161718192021 222324252627282930 3132333435
tDiplomystus 0000?00000 0OOOOO0OOO0OOO OOOOOOOOO OOOOO
Brycon 0100000101 00200000000 000000100 0OOOO0O
Opsariichthys 0100000100 00000000010 0OO0O0O0O01T00 O0DO0O0OO0O
tAethalionopsis ??22?2?27?2?2?2?2000?2110?207?210 212011100 20001
Chanos 11711121100 00212102010 011011100 10001
tCharitopsis 11?2?2?2?2?2?210 0?22?21?2?20010 201010110 07?7200
tCharitosomus 1120?211?210 00201000010 201010110 07?200
Cromeria 1120010201 00??23011110 001000110 01010
tDastilbe 11100722200 002011007210 211011100 10001
Gonorynchus 1120011110 11201000011 101000111 01000
tGordichthys 11?20?2?2?2000 001010207210 211101100 10001
Grasseichthys 1120000201 00?2?23011110 001000110 01000
tHakeliosomus 1?2?200??2?210 002010200172 201010100 0?2100
tJudeichthys 11?20?11?210 00201020010 201010110 0?2100
Kneria 1120010000 0ONN30O11110 001010110 01000
tNotogoneus 1?2?20011?210 002010000172 2010?0111 0?2000
tParachanos ??2?20??2?2100 0020172207210 211011100 20001
Parakneria 1120010000 0OONN30112110 001010110 01000
Phractolaemus 1120010120 00??22010110 001000100 01002
tRamallichthys 11720011210 00201020010 201010110 0?2100
tRubiesichthys 11?20?2?2?2000 002010207210 211101100 10001
tTharrhias 11710120100 002011027210 7?11011100 10001
tMahengichthys ??22?2?2?20?200 0?N?30?211100010?22101 0107?20
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