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Major morphological transformations, such as the evolution of elongate body shape in vertebrates, punctuate evolutionary history.

A fundamental step in understanding the processes that give rise to such transformations is identification of the underlying

anatomical changes. But as we demonstrate in this study, important insights can also be gained by comparing these changes to

those that occur in ancestral and closely related lineages. In labyrinth fishes (Anabantoidei), rapid evolution of a highly derived

torpedo-shaped body in the common ancestor of the pikehead (Luciocephalus aura and L. pulcher) occurred primarily through

exceptional elongation of the head, with secondary contributions involving reduction in body depth and lengthening of the

precaudal vertebral region. This combination of changes aligns closely with the primary axis of anatomical diversification in

other anabantoids, revealing that pikehead evolution involved extraordinarily rapid change in structures that were ancestrally

labile. Finer-scale examination of the anatomical components that determine head elongation also shows alignment between the

pikehead evolutionary trajectory and the primary axis of cranial diversification in anabantoids, with much higher evolutionary

rates leading to the pikehead. Altogether, our results show major morphological transformation stemming from extreme change

along a shared morphological axis in labyrinth fishes.
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Evolution proceeds at an uneven pace across the tree of life.

Changes in form can be persistently rapid in some clades, per-

haps following functional innovation (Price et al. 2010), eco-

logical opportunity (Seehausen 2006; Losos 2009; Mahler et al.

2010), or both (Wagner et al. 2012); it can remain slow in others,

such as in so-called nonadaptive radiations (Wake et al. 1983;

Kozak et al. 2006); or it can vary within clades depending on

aspects of species’ ecology (Collar et al. 2009, 2010; Martin and

Wainwright 2011; Price et al. 2011). However, occasionally dur-

ing the course of evolution, a major burst of change occurs in

a single lineage and leads to descendants that differ markedly

from their close relatives. A classic example of this phenomenon

is the evolution of elongate body form, which punctuates di-

versification in several vertebrate radiations including ray-finned

fishes (Jansen et al. 2006; Ward and Brainerd 2007; Claverie

and Wainwright 2014), lissamphibians (Wake 1966; Wake 1980;

Parra-Olea and Wake 2001), and squamates (Gans 1975; Wiens

and Singluff 2001; Wiens et al. 2006; Brandley et al. 2008).

Major transformations such as these have long fascinated evo-

lutionary biologists because they contribute disproportionately

to morphological diversity and stand in stark contrast with pat-

terns of finer-scale change in closely related species (McPeek

1995; Ricklefs 2005; Wiens et al. 2006; Bergmann and Irschick

2012).

How do these bursts of evolution occur from within what

appear to be more constrained clades? A satisfying answer to

this question ultimately requires an integrated understanding of

genetics, development, and historical selection. However, before
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such a synthetic perspective is possible, it is first necessary to

identify the specific anatomical changes underlying the transfor-

mation, which is typically accomplished by comparing ancestral

to derived character states. Documenting the anatomical basis of

transformation can help identify potential intrinsic (i.e., genetic,

developmental, or functional) constraints on evolution or extrinsic

selective factors and can even point to shared aspects of anatomi-

cal evolution when a transformation is replicated across lineages

(Wiens et al. 2006; Ward and Brainerd 2007; Bergmann et al.

2009; Maxwell and Wilson 2013). Nevertheless, a key question

that has received relatively little attention is how the structural

changes underlying major transformations compare to ancestral

patterns of evolution. In other words, are transformations the prod-

uct of exaggerated changes in structures that are ancestrally la-

bile or do they involve wholly novel combinations of structural

change?

Bursts of evolution in form might be most likely to occur

when the underlying structures are ancestrally evolutionarily

changeable. This hypothesis is inspired by several influential

studies demonstrating that between-species divergence is shaped

by within-species (or within-population) variation, or in other

words, that species diversify along genetic or developmental

“lines of least resistance” (e.g., Schluter 1996; Hansen and

Houle 2008; Hohenlohe and Arnold 2008). Our hypothesis is the

macroevolutionary analog; major morphological transformations

may occur along “anatomical lines of least resistance,” or the

main axes of anatomical change in ancestral lineages. There

are two nonexclusive reasons to expect this alignment. First,

the readiness of structures to diverge is known to reflect genetic,

developmental, or functional constraints that determine available

phenotypic variation on which natural selection acts (Olson and

Miller 1965; Schluter 1996; Steppan et al. 2002; Klingenberg

2008), and these constraints are likely to be passed from ancestral

to descendent lineages. Rapidly evolving species may therefore

experience the same biases in structural evolution as closely

related, routinely evolving species. Second, if environmental

conditions are shared broadly among members of a clade, species

may share features of the adaptive landscape, and morphological

transformation may represent adaptation toward one extreme of

a selective axis along which ancestral species have already been

diverging.

Alternatively, major transformations may result from evo-

lutionary processes that deviate from those that lead to routine

between-species divergence. Events such as population bottle-

necks, mutations in regulatory or pattern-forming genes with

large phenotypic effect, or some combination of these can cause

major structural changes that differ from the pattern of evolu-

tion exhibited within the clade from which it is derived (Simp-

son 1953; Mayr 1963; Futuyma 1987; Davidson and Erwin

2006).

Our study examines the evolution of body shape, which is a

fundamental aspect of ray-finned fish diversification. Specifically,

we describe transformations along a continuum of body elonga-

tion from disc-shaped to torpedo-shaped forms. This elongation

continuum describes one of the most conspicuous axes of mor-

phological diversity in fishes, both among and within disparate

teleost clades (Ward and Brainerd 2007; Maxwell and Wilson

2013; Claverie and Wainwright 2014). Body shape also has pro-

found consequences for many aspects of fish biology, as it influ-

ences swimming kinematics and performance (Webb 1982, 1984),

habitat use (Nelson 2006; Yamada et al. 2009), as well as feeding

physiology (Mehta and Wainwright 2007; Ward and Kley 2012)

and behavior (Mehta et al. 2010). A variety of anatomical changes

have been shown to drive transformation of body shape; overall

body elongation can occur through any combination of reduction

in length of the secondary body axis, elongation of the head, or

lengthening of the precaudal and/or caudal regions of the axial

skeleton (Ward and Brainerd 2007; Collar et al. 2013). Moreover,

change in a particular body region can result from modifications

to any of several component structures. For example, elongation

of axial skeleton regions can occur through increases in the num-

ber of vertebrae or their length (Parra-Olea and Wake 2001; Ward

and Brainerd 2007; Ward and Mehta 2010).

We describe body shape variation in the Anabantoidei, or

labyrinth fishes, which is a prominent perciform radiation of

about 140 species found in the freshwaters of Asia and Africa.

All species in this group possess a labyrinth organ, a modified

and highly vascularized epibranchial bone that allows these fish

to breathe air (Peters 1978; Liem 1980). Partly because of this ca-

pacity, species of this clade occupy a variety of habitat types and

exhibit varied body shapes, including deep-bodied forms (e.g.,

the kissing gouramis, Helostoma temminckii) and more fusiform

shapes (e.g., some climbing gouramis, like Anabas). However,

this clade also includes two species, Luciocephalus aura and L.

pulcher (pikehead), whose torpedo-shaped body resembles that

of the distantly related pike (Esox) or pike characin (Boulen-

gerella). In fact, Luciocephalus deviates so drastically from other

labyrinth fishes that early systematists excluded it from Ana-

bantoidei (Gray 1831) or classified it as the sister group to all

other anabantoids (Lauder and Liem 1983), though it has since

been definitively shown to be nested well within Anabantoidei

(Britz 1994; Rüber et al. 2006). In this study, we apply a robust

phylogeny for labyrinth fishes (Rüber et al. 2006) and use phylo-

genetic comparative methods to address three primary questions

about body shape evolution within this clade: (1) Does evolution

of the Luciocephalus morphology represent a major morphologi-

cal transformation? (2) If so, what anatomical changes are respon-

sible for the extreme shift in body form? (3) Do these changes

align with the primary axis of diversification exhibited in other

labyrinth fishes?
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Methods
QUANTIFYING BODY SHAPE AND ITS ANATOMICAL

BASIS

To quantitatively describe body shape and the anatomical compo-

nents that contribute to it, we applied an index of shape variation—

the vertebrate shape index (VSI)—that we developed in a prior

study (Collar et al. 2013). VSI describes a continuum of body

shape from disc- or football-shaped bodies to elongate forms and

is the sum of shape in four distinct anatomical regions:

VSI = A2 + H + PC + C, (1)

where A2 describes the length of the secondary axis of the body

(depth or width, whichever is longer), H is head shape, and PC

and C describe the length of the precaudal and caudal regions

of the vertebral column, respectively (note that these regions can

be distinguished by the presence or absence, respectively, of a

fused haemal arch; Grande and Bemis 1998; Ward and Brainerd

2007). All body region variables are proportional to their de-

gree of elongation—their length in the primary (anteroposterior)

body axis relative to the secondary (dorsoventral or lateral) axis.

VSI therefore allowed us to quantify overall body elongation in

species and to examine the contribution of separate anatomical

components to variation in shape.

We quantified VSI for 24 labyrinth species representing some

of the most morphologically divergent species from each of the

major phylogenetic lineages of Anabantoidei identified in a re-

cent phylogenetic analysis (Rüber et al. 2006). For each species,

we sampled between one and eight individuals (median = 4 in-

dividuals; N � 3 for 18 species). Body region morphology was

determined by measurements of several structures: A2 is the ratio

of the lengths of the primary (anteroposterior; L1) and secondary

(L2) body axes (in this case, L2 is body depth, and its measure-

ment excludes the dorsal, anal, and pelvic fins); H is the product

of the length of the head (LH = the number of vertebrae equal to

the length of the skull) and its aspect ratio (ARH = ratio of skull

length in the primary and secondary body dimensions); vertebral

(PC or C) elongation is the product of the number of vertebrae

(NPC or NC) and mean aspect ratio (i.e., the ratio of centrum length

along the primary and secondary body axes; ARPC, ARC) of indi-

vidual vertebrae. For 21 of the 24 species, specimens were cleared

and double stained for bone and cartilage (Song and Parenti 1995)

and measurements were made using digital calipers or, for smaller

specimens, an ocular micrometer fitted to a Nikon dissecting mi-

croscope. For the remaining three species, we measured bone

dimensions on digital radiographs from the Museum of Compar-

ative Zoology at Harvard University. Specimen information and

species values for VSI and its body region components are in

Table S1, and morphological measurements per specimen are

available in the Dryad Digital Repository (Collar et al. 2016).

Further details regarding measurement methods, including land-

marks for linear measurements and protocols for counting verte-

brae, can be found in Collar et al. (2013). Species values were log-

transformed to homogenize variance across values of all variables.

TESTING FOR EXTREME MORPHOLOGICAL

EVOLUTION IN LUCIOCEPHALUS

We used a phylogenetic comparative approach to assess whether

body shape evolution leading to Luciocephalus was exceptionally

fast compared to other anabantoids. We fit evolutionary models

to VSI data for species given a phylogenetic tree. We recreated

the phylogenetic reconstruction of Rüber et al. (2006) using their

aligned DNA sequence matrix, which we downloaded from Tree-

Base (treebase.org, matrix accession no. M2523, study acces-

sion no. 1464). This dataset includes 58 anabantoid species plus

two Channa species as the outgroup. We reanalyzed the Rüber

et al. (2006) sequence data instead of using their summary tree

to generate a sample of trees that would allow us to account for

phylogenetic uncertainty in our analyses (Huelsenbeck and Ran-

nala 2003; see below). Details of our phylogenetic methods are

described in Supporting Information Methods, but we note that

we used Bayesian phylogenetic analysis implemented in BEAST

(Drummond and Rambaut 2007) to simultaneously reconstruct

phylogenetic relationships and estimate branch lengths in relative

time (Drummond et al. 2006). The resulting trees were in close

agreement with phylogeny estimation of Rüber et al (2006). We

pruned trees to include only the 24 anabantoid species in our

morphological dataset, which represents relatively even sampling

of anabantoid subclades. All phylogenetic comparative analyses

were performed on the maximum clade credibility (MCC) tree and

repeated on a sample of 100 trees from the posterior probability

distribution.

To test whether the ancestral Luciocephalus lineage experi-

enced exceptionally rapid body shape evolution, we used max-

imum likelihood to fit a Brownian motion model of evolution

that allows the rate of VSI evolution on the phylogenetic branch

leading to the two Luciocephalus species to differ from the rate

in other anabantoids (see Fig. 1). We then compared this model

to a single-rate Brownian model that constrained all anabantoid

lineages to the same rate. This procedure follows the methods of

Revell (2008) and O’Meara et al. (2006), which are implemented

in the function brownie.lite in the phytools package (Revell 2012)

for the R statistical computing environment (R Core Development

Team 2015). To assess support for the two-rate model we com-

pared small sample size corrected Akaike Information Criteria

(AICc) for the full (two-rate) and constrained (one-rate) models

(Burnham and Anderson 2002). We then compared evolutionary

rates in the Luciocephalus ancestor and other anabantoids using

model averaged estimates (i.e., mean rate across models weighted
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Figure 1. Phylogeny for 24 anabantoid species and their VSI values. Phylogeny is the maximum clade credibility tree from a Bayesian

phylogenetic analysis modeled after Rüber et al. (2006). Branch lengths are proportional to time (i.e., total tree depth = 1.0), and nodes

are supported by greater than 0.90 Bayesian posterior probabilities unless otherwise indicated. The phylogenetic branch representing

the common ancestor of the two Luciocephalus species (L. aura and L. pulcher) is highlighted in white and marked with an asterisk.

We tested for exceptional evolution in the ancestral Luciocephalus lineage by allowing the evolutionary rate along this branch to differ

from the evolutionary rate along the remaining anabantoid branches. Black bars next to species names are proportional to the mean VSI

measured for that species with scale bar shown at the top.

by the AIC weight [AICw] of each model; Burnham and Anderson

2002).

To determine which body regions are responsible for the shift

in VSI in Luciocephalus, we repeated the above model-fitting and

model-averaging analyses separately for secondary axis reduction

(A2), head elongation (H), and precaudal (PC) and caudal (C)

elongation. Body regions that showed substantially elevated rates

in the Luciocephalus ancestor were interpreted as important in

driving the body shape transformation.

COMPARING ANATOMICAL CHANGE IN

LUCIOCEPHALUS TO OTHER ANABANTOIDS

We tested whether the suite of anatomical changes leading to Lu-

ciocephalus aligned with the primary axis of diversification in

other anabantoids. Our method involved reconstructing the evo-

lutionary trajectory leading to the most recent common ancestor

(MRCA) of Luciocephalus, estimating the primary axis of diver-

sification in other anabantoids, and comparing the alignment of

these axes to the alignment expected when evolutionary rates and

covariances are constant among all anabantoid lineages.

To reconstruct evolutionary change in body regions (A2, H,

PC, and C) along the phylogenetic branch leading to Lucio-

cephalus, we estimated character states at the beginning (the

earliest stem ancestor, or ESA, of Luciocephalus species) and

end (the MRCA for Luciocephalus) of this branch. Estimation of

these ancestral states accounted for differences in evolutionary

rates between the Luciocephalus lineage and other anabantoids

(identified using methods described in the previous section). We

estimated the state for the MRCA of Luciocephalus under Brown-

ian motion after transforming the branch below it by a factor equal

to the ratio of its evolutionary rate to the rate estimated in other

anabantoids. When the rate leading to Luciocephalus is faster than

that of other anabantoids, the branch is lengthened, effectively di-

minishing the influence of observed states in other anabantoids

relative to those of the two Luciocephalus species. In contrast, the

state of the Luciocephalus ESA reflects the evolutionary rate for

the rest of the anabantoids and is not conditioned on the observed

states in Luciocephalus species. Following Felsenstein (1985),

the estimated state at this node is the branch length weighted

average of the estimated state at the node preceding it and the

observed state in the sister node of the Luciocephalus MRCA

(which is Sphaerichthys osphromenoides). Ancestral states were

estimated using the fastAnc function of phytools (Revell 2012).

We evaluated the evolutionary trajectory leading to Luciocephalus

as the ESA-MRCA distance matrix and used its first eigenvector

(vL) to describe its orientation in body region morphospace. This
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procedure follows the method of Collyer and Adams (2007)

and Adams and Collyer (2007, 2009), and our adaptation of the

method for reconstructing evolution along a single phylogenetic

branch follows Collar et al. (2014).

To estimate the primary axis of body region diversification in

non-Luciocephalus anabantoids, we removed both Luciocephalus

species and performed a principal components analysis (PCA) on

the phylogenetically controlled covariance matrix of species val-

ues for A2, H, PC, and C. This method follows Revell (2009) and

we used the phytools function phyl.pca (Revell 2012) to imple-

ment it. We took PC 1 to be the primary axis of diversification in

anabantoids (excluding Luciocephalus), and the orientation of this

axis in body region morphospace is defined by its eigenvector (vA).

We evaluated whether the observed alignment between the

Luciocephalus trajectory and the primary axis of anabantoid di-

versification differed from the alignment expected under the null

hypothesis that a constant pattern of multivariate evolution pre-

vailed over all anabantoid lineages. The alignment of these two

axes is the angle (θVSI) between them in body region morphospace:

θV SI = cos−1[(vL)′vA] (Pimentel 1979; Schluter 1996). We com-

pared the empirical θVSI to a null distribution based on sim-

ulation. Body region states for all 24 anabantoid species (in-

cluding the two Luciocephalus species) were simulated under

a Brownian motion model with a constant evolutionary variance–

covariance matrix, which was empirically estimated based on

the Luciocephalus-pruned anabantoid tree and data using the

method of Revell and Harmon (2008) implemented in the function

ratematrix in the geiger package (Pennell et al. 2014) for R (R

Core Development Team 2015). We then repeated the steps de-

scribed above to calculate θVSI on the simulated data to obtain

its null distribution. The analysis involving the MCC tree used

1000 simulation replicates, whereas analyses performed across

the posterior sample of trees used 100 replicates per tree. Simu-

lations were carried out in the geiger function sim.char (Pennell

et al. 2014).

We used a bootstrapping procedure to assess the robustness

of the primary axis of anabantoid diversification to the particular

sample of species included in the analysis. We subsampled non-

Luciocephalus anabantoid species at 90, 80, and 70% of the initial

species sample size (equal to 20, 18, and 16 non-Luciocephalus

species) and obtained 100 bootstrap replicates for each level of

subsampling. For each bootstrap replicate, we repeated the phylo-

genetic PCA for anabantoids with Luciocephalus excluded using

the MCC tree. This analysis resulted in a distribution for the eigen-

vector of anabantoid PC 1 for each level of subsampling. We also

evaluated the alignment between anabantoid PC 1 and the in-

ferred Luciocephalus evolutionary trajectory across all bootstrap

replicates.

We tested the assumption that the first principal component

of body region evolution is constant across non-Luciocephalus

anabantoids, which is implicit in our method for comparing the

Luciocephalus evolutionary trajectory to the primary axis of an-

abantoid diversification. Anabantoidei is primarily made up of

two families that correspond to two major subclades, Anabanti-

dae and Osphronemidae (a third anabantoid family, Helostom-

atidae, includes only Helostoma temminkii). This phylogenetic

split reflects a difference in biogeography, with anabantid species

primarily distributed across Africa (except for two species of An-

abas, which are Asian) and osphronemid species found only in

Asia (Rüber et al. 2006). The phylogenetic and biogeographic

separation between these clades may have led to a difference

in primary axes of body region diversification. To evaluate this

possibility, we used the method described in the previous section.

We performed phylogenetically controlled PCA separately within

each clade, and estimated θVSI(Anab,Osph), the angle between PC 1

for Anabantidae and PC 1 for Osphronemidae. We then compared

θVSI(Anab,Osph) to a null distribution derived by simulation under a

constant pattern of evolution for both subclades.

THE ANATOMICAL BASIS OF HEAD ELONGATION

Our analysis revealed that head elongation is of major impor-

tance to the body shape transformation in Luciocephalus, and so

we examined the finer-scale structural changes underlying head

shape evolution. For this investigation, we partitioned head length

into pre- and postorbital length (Lpreorb and Lpostorb, respectively)

because these aspects of the skull represent different functional

regions. Lpreorb is the distance between the anteriormost point of

the jaws and the anterior margin of the orbit and is mainly made

up of the jaws and oral cavity. Lpostorb is the distance between the

posterior margin of the orbit and the posteriormost point of the op-

erculum and is made up of the opercular region and neurocranium.

Combining these terms,

H = (
L preorb + L postorb

) × ARH . (2)

We note that both Lpreorb and Lpostorb were evaluated as the

number of vertebrae equal to the measured distance between rele-

vant landmarks (e.g., Lpreorb is the linear distance of the preorbital

region of the skull divided by the mean length of individual pre-

caudal and caudal vertebrae). We used the methods described

above to assess the rate of morphological change leading to Lu-

ciocephalus and to test the alignment between the Luciocephalus

trajectory and the primary axis of anabantoid diversification in

this cranial morphospace (θH).

Results
We found strong evidence that Luciocephalus experienced a ma-

jor transformation in body form. VSIs for L. pulcher and L. aura

are 2.5 times greater than the next most elongate anabantoid and
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Figure 2. Comparison of evolutionary rates for VSI and its anatomical components in ancestral Luciocephalus (gray circles) and other

anabantoids (white circles). Evolutionary rates are model-averaged estimates based on fitting one- and two-rate Brownian models to

species data given the maximum clade credibility tree. Error bars represent the mid-95% intervals based on model-averaged rate estimates

from a posterior sample of 100 trees. Body regions are depicted schematically on a line drawing of L. pulcher.

more than three times greater than the anabantoid mean (Fig. 1;

Table S1). Moreover, the two-rate Brownian model, which allows

a unique evolutionary rate on the phylogenetic branch leading to

Luciocephalus species, was strongly favored over the constant-

rate model (�AICc = AICc [one-rate] – AICc [two-rate] = 14.6

based on the MCC tree; the mid-95% interval of the distribution

of values obtained over posterior sample of trees is [12.1, 17.7]);

see Table S2). The Luciocephalus-specific rate of VSI evolution

is greater than the rate in other anabantoids by a factor of 47

[44, 52] (hereafter the stand-alone value is based on the MCC

tree and values in brackets refer to the mid-95% interval ob-

tained over the posterior sample of trees) (Fig. 2). Luciocephalus

therefore exhibits an extreme form that arose as a consequence

of exceptional evolutionary change following its split from other

anabantoids.

This body shape transformation is primarily a consequence

of head elongation (H), though reduction in body depth (A2) and

precaudal vertebral elongation (PC) also contribute. Head elon-

gation in the two Luciocephalus species is four times greater than

the next greatest anabantoid (see Table S1), and the evolutionary

rate leading to Luciocephalus is faster than other anabantoids by

a factor of 40 [36, 43] (Fig. 2; Table S2). These differences are

less dramatic for A2 and PC, but L. pulcher and L. aura exhibit

extreme values for these components and the rate of evolution-

ary change in the Luciocephalus ancestor is substantially differ-

ent from what is observed in other anabantoids (Tables S1, S2;

Fig. 2). We note that PC elongation is primarily driven by an

increase in the number of vertebrae in this axial region with lit-

tle change in the shape of individual vertebrae (see Fig. S1).

Caudal elongation (C), on the other hand, contributes little to

Luciocephalus body elongation. Luciocephalus species exhibit C

values within the range of other anabantoids (Table S1), and the

estimated rate of C evolution is actually slightly lower in Lucio-

cephalus (though not so much lower as to prefer the single-rate

over the two-rate model; Table S2). Consistent with these find-

ings, the evolutionary trajectory of Luciocephalus in body region

morphospace aligns tightly with H, moderately with A2 and PC,

and negligibly with C (Table 1).

The primary axis of body region diversification (i.e., PC 1)

in Anabantoidei excluding Luciocephalus separates deep-bodied

from fusiform species (Fig. 3). Species scores on PC 1 are strongly

correlated with their values for VSI (r = 0.91 [0.90, 0.93]). This

axis explains 64% [56, 76%] of the variation in evolutionary

change among anabantoids and aligns tightly with H, moderately

with A2 and PC, and minimally with C (Table 1). We found little

evidence of heterogeneity in the pattern of evolution between

the subclades, Anabantidae and Osphronemidae, in spite of their

separate evolutionary and biogeographic histories. Although these

axes are somewhat oblique to one another (θVSI(Anab,Osph) = 0.82

[0.78, 0.88]; also see Table S4), angles at least this large occur

with moderate probability under constant evolutionary rates and

covariances for the two subclades (P (�θVSI(Anab,Osph)) = 0.16 for

the MCC tree and for 98% of the posterior sample of trees, P

(�θVSI(Anab,Osph)) � 0.10).
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Figure 3. (A) Body region morphospace for Anabantoidei and (B) test of the alignment between the Luciocephalus evolutionary

trajectory and primary axis of diversification in other anabantoids. The morphospace (A) is based on a principal components analysis of

the phylogenetically controlled covariance matrix of VSI’s body region components for anabantoid species with Luciocephalus excluded.

Body region component abbreviations are as follows: H is head elongation, A2 is reduction of the secondary body axis, PC is precaudal

elongation, and C is caudal elongation. Loadings of body region variables on PCs 1 and 2 are in Table S3, and axis labels show variables

with loadings greater than 0.2. To depict the alignment between the Luciocephalus evolutionary trajectory and PC 1 of anabantoid

evolution, we placed the two Luciocephalus species, their most recent common ancestor (MRCA), and their earliest stem ancestor (ESA)

into this morphospace. The angle between the Luciocephalus trajectory (gray line extending from the Luciocephalus ESA to MRCA)

and anabantoid PC 1 (horizontal dashed line) is equal to θObs (dashed vertical line in panel B). The histogram (panel B) shows the null

distribution for θ based on 1000 replicates of simulated Brownian evolution under a constant pattern of multivariate evolution. θObs is

less than 98.9% of θs simulated under the constant model.

Table 1. Orientation of VSI anatomical components on anaban-

toid PC 1 and the Luciocephalus evolutionary trajectory.

Anabantoid Luciocephalus
Variable PC 1 trajectory

2° axis reduction 0.298 ± 0.113 0.386 ± 0.003
Head elongation 0.853 ± 0.094 0.877 ± 0.001
Precaudal elongation 0.399 ± 0.140 0.285 ± 0.002
Caudal elongation 0.156 ± 0.155 0.007 ± 0.005

Coefficient estimates are based on the maximum clade credibility tree.

Standard errors for labyrinth PC 1 represent error in coefficient estimation

(determined by parametric bootstrapping) and phylogenetic uncertainty.

Standard errors for Luciocephalus trajectory result from phylogenetic un-

certainty.

The evolutionary trajectory of Luciocephalus in body region

morphospace is closely aligned with the primary axis of diversifi-

cation in other anabantoids (Fig. 3). The angle between these axes

is small (θVSI = 0.21 [0.15, 0.24] radians) and lower than 98.9%

[95, 100%] of θs estimated across simulation replicates under a

constant pattern of evolution in anabantoids (i.e., P (�θVSI) =
0.989 [0.95, 1.00] and P (�θVSI) > 0.95 for 97 of the 100 trees).

Although we implemented this test to detect heterogeneity in the

pattern of evolution, these results instead indicate that the Lu-

ciocephalus trajectory is more closely aligned with anabantoid

evolution than expected even when the multivariate pattern of

evolution is assumed to be constant in all anabantoid lineages. In

other words, the stochastic nature of the Brownian motion process

allows for greater deviations in θVSI than we observe.

These results are robust to both phylogenetic uncertainty and

species sampling. The eigenvector for anabantoid PC 1 is stable

across the posterior sample of phylogenetic trees (Table 1) and

across subsamples of anabantoid species (Table S5). Moreover,

this axis aligns with the Luciocephalus evolutionary trajectory

consistently across trees (described in the preceding paragraph)

and bootstrap replicates (see Table S5).

The dramatic head elongation in Luciocephalus is a con-

sequence of extreme change in all three cranial components.

Compared to other anabantoids, Luciocephalus has experienced

exceptionally rapid evolution in preorbital length (Lpreorb),

postorbital length (Lpostorb), and head aspect ratio (ARH), though

the most extreme change is in Lpreorb, which evolves 57 [51, 63]

times faster in the ancestral Luciocephalus (Fig. 4; Table S6).
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Figure 4. Comparison of evolutionary rates for structural components of head shape in ancestral Luciocephalus (gray circles) and

other anabantoids (white circles). As in Fig. 2, rates are model-averaged estimates given the maximum clade credibility tree, and error

bars represent the mid-95% intervals based on rate estimates from a posterior sample of 100 trees. Cranial components are shown

schematically on a line drawing of the head of L. pulcher.

The evolutionary trajectory of Luciocephalus aligns well with the

major axis of anabantoid evolution in cranial morphospace (θH =
0.486 [0.416, 0.559] radians), and angles at least this large occur

with moderate probability under a constant pattern of cranial

evolution (P (�θH) = 0.28 [0.14, 0.35]). Lpreorb loads strongly

on both the Luciocephalus trajectory and primary anabantoid

axis, though these axes differ somewhat in the loading of Lpreorb

relative to the other two components (Table 2); in Luciocephalus,

Lpreorb is substantially greater than either Lpostorb or ARH, but in

the other anabantoids, Lpostorb is greater than Lpreorb.

Discussion
Bursts of morphological evolution within single species can dras-

tically increase disparity within clades. Identifying the structural

changes involved is therefore critical to advancing understanding

of the genetic, developmental, and selective factors that promote

diversification. However, here we argue that a complete account-

ing of the anatomical basis of morphological transformation also

requires comparison between these structural changes and the pat-

tern of evolution in the clade from which it is derived. Is rapid

evolution a consequence of changes in structures that are ances-

trally labile or the product of novel combinations of character

change? We propose that the answer to this question can help

determine whether the evolutionary processes driving extreme

changes in form are similar or fundamentally different from those

that guide routine between-species divergence. We show that a

major transformation in body shape occurs through a burst of

Table 2. Orientation of head elongation components on anaban-

toid PC 1 and the Luciocephalus evolutionary trajectory.

Anabantoid Luciocephalus
Variable PC 1 trajectory

Preorbital length 0.653 ± 0.146 0.774 ± 0.003
Postorbital length 0.752 ± 0.202 0.455 ± 0.007
Head aspect ratio 0.082 ± 0.322 0.440 ± 0.003

Coefficient estimates are based on the maximum clade credibility tree.

Standard errors for labyrinth PC 1 represent error in coefficient estimation

(determined by parametric bootstrapping) and phylogenetic uncertainty.

Standard errors for Luciocephalus trajectory result from phylogenetic un-

certainty.

change along an axis of anatomical evolution that is shared with

ancestral and closely related lineages.

Within labyrinth fishes, Luciocephalus experienced excep-

tionally rapid evolution (Fig. 2) from a deep-bodied ancestor

to the torpedo shape of L. aura and L. pulcher (Fig. 1). This

transformation results primarily from elongation of the head, but

reduction in body depth and lengthening of the precaudal ver-

tebral region are also important (Figs. 2 and 3, Table 1). These

anatomical changes define an evolutionary trajectory that aligns

closely with the primary axis (i.e., PC 1) of anatomical diversifi-

cation in other anabantoids (Fig. 3; Table 1). Even the finer-scale

structural changes that elongate the skull of Luciocephalus show

good alignment with the major axis of cranial diversification in

other anabantoids (Table 2). Altogether our results suggest that
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the body shape transformation in Luciocephalus involved change

in anatomical features that were ancestrally evolutionarily labile,

though the rate of evolution leading to Luciocephalus is exagger-

ated.

This finding suggests that the extreme body shape change in

Luciocephalus was driven by processes similar to those that gov-

ern divergence among other anabantoid species. We consider two

nonexclusive explanations: (1) the major axis of extrinsic selec-

tion is shared across species and morphological transformation

represents a high degree of specialization on this axis, and (2)

shared intrinsic constraints (i.e., genetics, development, function)

bias the direction of response to selection but not its magnitude.

We consider these explanations separately below. But we rec-

ognize of course that morphological transformation could result

from both a shared axis of selection and common constraints on

the response to selection. Indeed, prior studies have suggested that

rapid evolution requires alignment of the direction of selection and

primary axis of available variation (Schluter 1996; Arnold et al.

2001; Goswami et al. 2014).

(1) Transformation may represent evolution toward a highly

specialized extreme on a shared selective axis. We speculate that

this shared extrinsic selective axis is at least partly related to

divergence in trophic ecology between top-level piscivores and

mid-level insectivores, which is a common axis of ecological

evolution in freshwater fishes (Werner 1974; Keast 1978; Norton

and Brainerd 1993). Labyrinth fishes show moderate divergence

along this trophic axis, with many species of insectivores (species

of Ctenopoma, Betta, Trichogaster; Kottelat et al. 1993; Rain-

both 1996) as well as some that combine insects and fish in their

diets (climbing gourami [A. testudineus; Pethiyagoda 1991], gi-

ant gourami [Osphronemus goramy; Ukkatawewat 2005], Cape

kurper [Sandelia capensis; Gosse 1986]). Luciocephalus, in con-

trast, is considered primarily piscivorous (Lauder and Liem 1981),

and as we argue below, natural selection related to specialization

on this diet could have plausibly contributed to the large and rapid

morphological changes documented in this lineage.

Trophic variation can impose differing selective demands on

a suite of morphological characteristics pertaining to predatory

behaviors, swimming abilities, and strike mechanics. Prey types

(aquatic insect larvae vs. fish) contrast in predator avoidance tac-

tics and occur in habitats that differ in key characteristics, such as

amount of vegetative cover and proximity to substrates. For ex-

ample, aquatic insects are often found in covered areas attached to

substrates or vegetation, and insectivorous freshwater fishes tend

to possess relatively deep bodies to enhance maneuverability in

structurally complex habitats (Webb 1984) as well as short, stout

skulls and jaws to generate strong suction to dislodge prey (Holz-

man et al. 2011). In contrast, capturing elusive prey, such as other

fish, generally requires that the predator swims rapidly while en-

gulfing a large volume of water containing the prey (referred to

as ram feeding), and this strike behavior is often associated with

a more streamlined body and longer and more kinetic skulls and

jaws (Keast 1978; Norton and Brainerd 1993; Collar et al. 2009;

Holzman et al. 2011). In other words, variation between deep-

bodied and fusiform shapes may be related to prey-imposed de-

mands for accurate strikes with strong suction versus ram feeding

with large ingested volumes (Norton and Brainerd 1993; Higham

et al. 2006; Ferry et al. 2012). Indeed, morphological variation in

labyrinth fishes is consistent with these patterns. Species that are

known to consume at least some fish—A. testudineus, O. goramy,

and S. capensis—have relatively large VSI and head elongation

(H) values; these three species fall within the largest 25% of the

labyrinth VSI and H distributions (Table S1). However, we note

that dietary information is sparse for many of our sampled species.

We were unable to find dietary information on labyrinth species

with VSI or H values near or greater than these three species,

and we may have failed to identify other moderately piscivorous

species.

The extreme evolutionary change in body shape leading to

Luciocephalus can be interpreted as highly specialized adaptation

to piscivory. The torpedo shape of Luciocephalus is shared with

other teleost fishes—such as barracuda (Sphyraenidae), needle-

fish (Belonidae), and pike (Esocidae)—all of which use a special-

ized ambush type of ram feeding (Skadsen and Webb 1980; Rand

and Lauder 1981; Porter and Motta 2004). Like these species,

Luciocephalus generates minimal suction and instead uses rapid

body acceleration and a large gape—enhanced by extreme cranial

elevation—to overtake its prey (Lauder and Liem 1981). Reduc-

tion of the secondary body axis and axial elongation provide a

long, flexible body that enhances strike acceleration to overtake

evasive prey (Webb and Skadsen 1980; Rand and Lauder 1981;

Harper and Blake 1991). Moreover, the preferential elongation of

the precaudal axial region (vs. the caudal region) in Luciocephalus

is also seen in a variety of other ambush-striking fishes (Maxwell

and Wilson 2013), suggesting that an elongated abdominal re-

gion is functionally important to generating the characteristic s-

shaped axial bending employed during the initial phase of the

strike (Skadsen and Webb 1980; Harper and Blake 1991; Porter

and Motta 2004).

The changes in head morphology in Luciocephalus also rep-

resent extreme adaptations to piscivory. Lengthening the skull

increases the out-lever of the epaxial muscles, which power cra-

nial elevation, and increases displacement of the expanding oral

cavity but comes at a cost to suction production (Carroll et al.

2004). The dramatic increase in cranial length in Luciocephalus

likely enhances oral cavity expansion, but the reduction in suction

capacity presumably has little effect on prey capture because of

behavioral adaptations, like rapid swimming to engulf the prey.

In addition, the substantial increase in the preorbital region of

the skull in Luciocephalus is likely related to its remarkable
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capacity to protrude its jaws nearly 33% of the length of its skull

(Lauder and Liem 1981), which is a mechanism for enhancing

strike speed that has evolved repeatedly in teleost fishes (Waltzek

and Wainwright 2003; Westneat 2006). The morphological trans-

formation of Luciocephalus therefore reflects anatomical changes

associated with piscivory taken to the extreme.

Although we suggest that Luciocephalus has evolved in re-

sponse to a selective axis shared with other labyrinth fishes, we

note some limitations to this inference. First, the morphological

transition in Luciocephalus is unreplicated within Anabantoidei,

and as with any unique evolutionary event, identification of causal

factors is challenging. A number of ecological or intrinsic features

specific to Luciocephalus could have contributed to the selective

circumstances that drove its remarkable change in body shape.

One possibility is an ontogenetic shift. Adult morphology can be

strongly influenced by selective demands on juvenile form, and

a shift in selection on early life stages (e.g., a change in juvenile

habitat use) could also facilitate morphological transformation,

though we note that we were unable to find sufficient data to

evaluate this hypothesis for labyrinth fishes. Nevertheless, our

suggestion that diet is a primary contributor to Luciocephalus’s

morphological transformation is based on a solid foundation of

prior work showing the feeding performance consequences of

the underlying anatomical changes. Second, we note that dietary

information for labyrinth fishes is limited. Even though some

species are known to capture fish at least occasionally, the scarcity

of data on feeding habits prevents us from quantitatively investi-

gating broader effects of piscivory in Anabantoidei. Finally, we

acknowledge that our method for inferring the evolutionary tra-

jectory of Luciocephalus assumes a linear path from its ESA to

the MRCA of the two Luciocephalus species. However, this path

could have instead been nonlinear such that anatomical changes

occurred at different times during the history of the lineage, as

can occur during adaptive evolution when the primary axis of

phenotypic variation does not line up with the direction of the se-

lective optimum (Schluter 1996; Arnold et al. 2001). In this case,

some characters may change rapidly early in the lineage’s history,

whereas others change later or more gradually. Our phylogenetic

comparative method is incapable of detecting such a nonlinear

accrual of anatomical changes, but we note that the inferred linear

trajectory will nevertheless be informative about the main direc-

tion of adaptation when the trajectory endpoint is at or near an

adaptive peak.

(2) Shared intrinsic constraints bias the direction of morpho-

logical transformation. Although the selective demands of pis-

civory were likely important in transforming Luciocephalus, the

exact combination of anatomical features that evolved in response

to this selection may have been influenced by intrinsic constraints

shared broadly among labyrinth fishes. In general, response to

selection is guided by the available within-species phenotypic

variation and covariation, which are shaped by genetic variances

and correlations (Schluter 1996; Houle and Hansen 2008) as well

as developmental and functional constraints (Olson and Miller

1965; Klingenberg 2008). Although we do not have sufficient

sample sizes to assess the degree to which the primary axis of

anabantoid body shape evolution aligns with within-species vari-

ation and covariation, prior studies of elongate body form provide

some insights into the importance of potential evolutionary con-

straints acting on different regions of the body.

A question arising from our results is why so much of an-

abantoid body shape evolution is related to changes in the head

rather than the axial skeleton. We are aware of no study that

directly compares evolvability of cranial and vertebral morphol-

ogy, and we are reluctant to speculate on the roles of genetic,

developmental, or functional constraints in shaping this pattern.

However, we note that in many ray-finned fishes, head elonga-

tion contributes less than axial elongation to body shape variation

(Collar et al. 2013; Claverie and Wainwright 2014), and anaban-

toids provide a counterexample to the more widespread pattern.

Our results suggest the possibility that in anabantoids head shape

is freer to evolve, while vertebral lengthening, particularly in the

caudal region, is more constrained.

Caudal elongation contributes relatively little to the primary

axis of body shape diversification in anabantoids and even less

to the transformation in Luciocephalus (Table 1). This result is

somewhat surprising because prior studies have found that axial

elongation in ray-finned fishes is most tightly associated with an

increase in the number of caudal vertebrae (Ward and Brainerd

2007; Ward and Mehta 2010; but see Yamahira and Yashida 2009;

Maxwell and Wilson 2013). Instead, anabantoid body shape vari-

ation is more strongly associated with lengthening of the precau-

dal region (Fig. 2, Table 1), which is a result of an increase in the

number of vertebrae in this axial region (Fig. S1). This contrast

is partly a consequence of developmental processes that allow

vertebral numbers in the two axial regions to vary independently.

Increasing the number of caudal vertebrae generally results from

tail bud extension by increasing the rate of somitogenesis (i.e.,

segmentation of the paraxial mesoderm that gives rise to the ver-

tebrae) relative to the overall rate of development (Gomez et al.

2008). The number of precaudal vertebrae depends on the loca-

tion of the precaudal–caudal boundary, which is determined by

the anterior limit of the hox12 expression domain (Burke et al.

1995; van der Hoeven et al. 1996). We speculate that the greater

importance of precaudal lengthening in anabantoids is associated

with greater variation among species in the latter process. How-

ever, even though the precaudal vertebral region contributes more

than the caudal region to axial lengthening, its evolution is also

likely constrained because it is structurally linked to the abdomi-

nal cavity and digestive system. Changes in precaudal length are

associated with changes in gut length and digestive efficiency
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(Ward and Kley 2012), and trade-offs could potentially exist be-

tween mechanics of the precaudal axial skeleton and digestive

function.

ANABANTOID BODY SHAPE IN COMPARISON TO

OTHER RAY-FINNED FISHES

The morphological transformation in Luciocephalus is extreme

within Anabantoidei, but is it remarkable relative to body shape

variation in other ray-finned fishes? Comparing anabantoids to

data we collected as part of a prior study (Collar et al. 2013), we

find that the ancestral Luciocephalus evolved from one extreme of

the ray-finned fish body shape range to the other. The most deep-

bodied anabantoids (VSI < 40, which includes the sister species

to Luciocephalus, S. osphromenoides, among several others, see

Table S1) have VSIs at the low extreme near coral reef fishes, such

as butterflyfish (Chaetodon multicinctus, VSI = 39.6), and other

deep-bodied freshwater fishes, like the scat (Scatophagus argus,

VSI = 38.1). On the other hand, L. pulcher (VSI = 153.1) and

L. aura (VSI = 163.2) possess VSIs similar to another pike-like

species from the New World freshwater Characiformes, the pike

characin (B. lateristriga, VSI = 166.3), and these species even

exceed VSIs of some eel (e.g., Anguilla bicolor, VSI = 146.3)

and eel-like species (e.g. Lycodes brevipes [shortfin eelpout], VSI

= 115.0). The evolutionary change leading to Luciocephalus is

indeed remarkable in the context of the range of body shape

variation in these other ray-finned fishes.

Our results indicate that the Luciocephalus anatomical evo-

lutionary trajectory aligns with the primary axis of diversification

in Anabantoidei, but we suspect that this axis is not shared widely

across other ray-finned fish groups. As we mention above, body

elongation is often associated with large increases in vertebral

number, especially in the caudal axial region (Ward and Brainerd

2007), whereas our data reveal that head elongation contributes

more strongly than axial elongation to body shape changes in

anabantoids. In addition, the precaudal region contributes more

than the caudal region to the Luciocephalus body shape change,

though interestingly, the preferential lengthening of the precaudal

region also occurs in several other fish lineages that evolve similar

torpedo-shaped bodies (e.g., pike, barracuda, gar, and trumpetfish;

see Maxwell and Wilson 2013). Moreover, in a comprehensive

comparative study of body shape in coral reef teleost fish fam-

ilies, Claverie and Wainwright (2014) found that families differ

with respect to which body regions contribute to elongation, with

only a subset showing major contributions from head lengthening.

Our study not only contributes to a growing body of knowledge

regarding what anatomical changes are responsible for the incred-

ible diversity of fish shapes, but we are the first that we know of to

show that body shape transformation can occur along an anatom-

ical axis shared with the clade that gave rise to it. Additional

data, especially on internal skeletal anatomy, and phylogenetic

comparative analyses similar to those employed here will be key in

determining whether this result is a general feature of body shape

diversification across ray-finned fishes and other vertebrates.
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O’Meara, B. C., C. Ané, M. J. Sanderson, P. C. Wainwright. 2006. Testing for
different rates of continuous trait evolution using likelihood. Evolution
60:922–933.

Parra-Olea, G., and D. B. Wake. 2001. Extreme morphological and ecological
homoplasy in tropical salamanders. Proc. Natl. Acad. Sci. USA 98:7888–
7891.

Pennell, M. W., J. M. Eastman, G. J. Slater, J. W. Brown, J. C. Uyeda, R. G.
Fitzjohn, M. E. Alfaro, and L. J. Harmon. 2014. geiger v2.0: an expanded
suite of methods for fitting macroevolutionary models to phylogenetic
trees. Bioinformatics 30:2216–2218.

Peters, H. M. 1978. On the mechanism of air ventilation in anabantoids (Pisces:
Teleostei). Zoomorphology 89:93–123.

Pethiyagoda, R. 1991. Freshwater fishes of Sri Lanka. The Wildlife Heritage
Trust of Sri Lanka, Colombo.

5 6 6 EVOLUTION MARCH 2016

http://dx.doi.org/10.5061/dryad.2d7km


BODY SHAPE TRANSFORMATION IN LABYRINTH FISHES

Pimentel, R. A. 1979. Morphometrics. Kendall/Hunt, Dubuque, IA.
Porter, H. T., and P. J. Motta. 2004. A comparison of strike and prey cap-

ture kinematics of three species of piscivorous fishes: Florida gar (Lep-
isosteus platyrhincus), redfin needlefish (Strongylura notata), and great
barracuda (Sphyraena barracuda). Mar. Biol. 145:989–1000.

Price, S. A., P. C. Wainwright, D. R. Bellwood, E. Kazancioglu, D. C. Col-
lar, and T. J. Near. 2010. Functional innovations and morphological
diversification in parrotfish. Evolution 64:3057–3068.

Price, S. A., R. Holzman, T. J. Near, and P. C. Wainwright. 2011. Coral reefs
promote the evolution of morphological diversity and ecological novelty
in labrid fishes. Ecol. Lett. 14:462–469.

R Core Development Team. 2015. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.

Rainboth, W. J. 1996. Fishes of the Cambodian Mekong. FAO species identi-
fication field guide for fishery purposes. Food and Agriculture Organi-
zation of the United States, Rome.

Rand, D. M., and G. V. Lauder. 1981. Prey capture in the chain pickerel,
Esox niger: correlations between feeding and locomotor behavior. Can.
J. Zool. 59:1072–1078.

Revell, L. J. 2008. On the analysis of evolutionary change along single
branches in a phylogeny. Am. Nat. 172:140–147.

——— 2009. Size-correction and principal components for interspecific com-
parative studies. Evolution 63:3258–3268.

——— 2012. phytools: an R package for phylogenetic comparative biology
(and other things). Methods Ecol. Evol. 3:217–223.

Revell, L. J., and L. J. Harmon. 2008. Testing quantitative genetic hypotheses
about the evolutionary rate matrix for continuous characters. Evol. Ecol.
Res. 10:311–331.

Ricklefs, R. E. 2005. Small clades at the periphery of passerine morphospace.
Am. Nat. 165:651–659.
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