
Supplementary information

Laterality is universal among fishes but increasingly 
cryptic among derived groups

Supplementary Table 1. List of the species analyzed and 
the model-fitting results. Fish species analyzed as represen-
tatives of each extant fish orders are listed with both Latin 
and common names, sample sizes, Akaike information crite-
rion (AIC) values of the model fitted to the two measure-
ments (bold: AIC of the selected model), sampling locations, 
and sources. P-values in LRT are from likelihood ratio test 
between FA model and AS model. Common names follow 
those used by FishBase (http://www.fishbase.org/). The 
index numbers of fish orders follow the classification used in 
Nelson (2006). Phylogenetic groupings for teleosts in this 
study, however, are slightly modified from Nelson’s system 
based on Betancur-R et al. (2013).
Supplementary Figure 1. Classification and phylogenetic 
tree of the extant orders of teleost fishes used in this study. 
Phylogenetic trees are modified following Betancur-R et al. 
(2013). The classification is based on Nelson (2006), with a 
slight modification following Betancur-R et al. (2013) as 
shown in Supplementary Table 1 (colors are the same as 
those in Fig. 3A). The blue plot shows deep-sea fishes.
Supplementary Figure 2. Laterality of the Japanese 
stingray (Dasyatis akajei). (A, B) Cartilaginous bones 
showing the data points used for measurements. (A) Ventral 
view of the jaw arch and a close-up of the left mandibular 
cartilage showing the data points for the index of asymmetry 
(IAS) of the mandibles. The arrow indicates the height of the 
mandible at the posterior end (HMPE), which is the distance 
from the postero-dorsal edge of the sustentaculum in the 
mandibular cartilage (PE) to the ventral corner of the man-
dibular cartilage (VC). In cartilaginous fishes (except in chi-
maeras), the sustentaculum functions as the mandibular 
surface of the hyomandibular-mandibular joint, and the nod-
ule on the VC functions as the attachment point of the 
depressor mandibularis (Dean and Motta, 2004; Wilga 
2005), such that the HMPE provides a functional measure 
equivalent to that of teleost fishes. (B) Ventral view of head 
and vertebrae showing data points for the head angle (θ ), 
which is the angle between the head and vertebrae on the 
ventral side of the anterior part of the skeleton. CC: the small 
foramen near the center of the cranial cartilage; PC: the mid-
line of the postero-ventral margin of the cranium; PV: the first 
large process on the ventral sagittal line of the vertebra. (C, 
D) Frequency distributions of the (C) IAS of the mandibles 
and (D) θ  in the Japanese stingray. Lines show the probabil-
ity densities derived from the three models (see Methods). 
The model selected by the lowest Akaike information crite-
rion (AIC) value is indicated by the thick line.
Supplementary Figure 3. Relationship between growth 
and laterality in largemouth bass (Micropterus salmoi-
des). The absolute values of the index of asymmetry (IAS) of 
mandibles and the head angles (θ ) in three size classes did 
not differ significantly (ANOVA, P =  0.2379 for IAS and P = 
0.7791 for θ ). Individuals were sampled from the same pop-
ulation in Lake Biwa, Japan, in 2004–2008. Vertical bars 
indicate standard deviations (s.d.). Small fish were primarily 
0 +  (n =  20, standard length [SL; mean ±  s.d.] =  76.1 ±  4.1 

mm), medium fish were primarily 1+  (n =  20, SL =  125.1 ± 
13.6 mm), and large fish were primarily ≥  2 +  (n =  20, SL = 
173.4 ±  16.8 mm).
Supplementary Figure 4. Laterality of the flatfishes. Fre-
quency distributions of the (A) index of symmetry (IAS) of 
the mandibles and (B) head angles in flathead flounder (Hip-
poglossoides dubius; upper) and olive flounder (Paralich-
thys olivaceus; lower). The lines are the same as those used 
in Figure 2. In both species, the model with the best fit to the 
distributions of IAS was fluctuating asymmetry, whereas the 
best model for head angle was anti-symmetry (see Supple-
mentary Table 1).
Supplementary Figure 5. Laterality of the hagfish. (A, B) 
Data for measurements from inshore hagfish (Eptatretus 
burgeri). (A) Ventral view of the mouthparts of a moderately 
boiled fish sample. A pair of flat cartilaginous structures 
behind the tooth plates is exposed. FC: the length of the flat 
cartilaginous structure used for the index of asymmetry 
(IAS). (B) Dorsal view of the anterior part of the body in a 
transparent preparation showing data for the head angle. 
CN: the center of the cartilaginous rings of the nasal tube; 
MC: the posterior end of the membranous cranium; DP: the 
dorsal datum point equidistant from MC to CN–MC on the 
sagittal line. Head angle (θ ) is defined as the angle of the 
line extending anteriorly from MC–DP to CN–MC. A fish with 
a clockwise positive angle is defined as left type, whereas a 
fish with a negative angle is defined as right type. The defini-
tions of right and left types are consistent with those shown 
in the ventral view of Figure 1. (C, D) Frequency distributions 
of (C) IAS of the flat cartilaginous structure and (D) θ  in 
inshore hagfish. The lines are the same as those used in 
Figure 2. Both distributions showed anti-symmetry (see 
Supplementary Table 1).
Supplementary Figure 6. Laterality of the lamprey. (A, 
B) Data points used for measurements in arctic lamprey 
(Lampetra japonica). (A) Ventral view of a mouthpart in 
which a pair of spinose cartilaginous structures behind the 
suction cup are exposed in a moderately boiled fish sample. 
SC: the length of the spinose cartilage used for the index of 
asymmetry (IAS). (B) Dorsal view of the anterior part of the 
body in a transparent specimen showing the data points 
used for head angle (θ ) on the ventral sagittal line. PD: the 
anterior end of the posterior dorsal cartilage; PO: the poste-
rior end of the postero-occipital cartilaginous ring; DP: the 
dorsal datum point equidistant to PD–PO. θ  is defined as the 
angle from the line extending anteriorly from PO–DP to PD–
PO. A fish with a clockwise positive angle is defined as left 
type, whereas a fish with a negative angle is defined as right 
type. (C, D) Frequency distributions of the (C) IAS of spinose 
cartilaginous structures and (D) θ  in arctic lamprey. The 
lines are the same as those in Figure 2. Both distributions 
showed anti-symmetry (see Supplementary Table 1).
Supplementary Figure 7. The degree of laterality in 
extant cartilaginous fish orders and sturgeons. Two 
measures of the laterality, the index of asymmetry (IAS) of 
the mandibles and the head angle, are displayed as in Fig-
ure 3A. Fish species are grouped into four color-coded cat-
egories.
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Supplementary Figure S1.  Classification and phylogenetic tree of the extant orders of teleost fishes used in this study. Phylogenetic trees 
are modified following Betancur-R et al. (2013). The classification is based on Nelson (2006), with a slight modification following Betancur-R 
et al. (2013) as shown in Supplementary Table 1 (colors are the same as those in Fig. 3A). The blue plot shows deep-sea fishes.



Supplementary Figure S2.  Laterality of the Japanese stingray (Dasyatis akajei). (A, B) Cartilaginous bones showing the data points used 
for measurements. (A) Ventral view of the jaw arch and a close-up of the left mandibular cartilage showing the data points for the index of 
asymmetry (IAS) of the mandibles. The arrow indicates the height of the mandible at the posterior end (HMPE), which is the distance from 
the postero-dorsal edge of the sustentaculum in the mandibular cartilage (PE) to the ventral corner of the mandibular cartilage (VC). In car-
tilaginous fishes (except in chimaeras), the sustentaculum functions as the mandibular surface of the hyomandibular-mandibular joint, and 
the nodule on the VC functions as the attachment point of the depressor mandibularis (Dean and Motta, 2004; Wilga 2005), such that the 
HMPE provides a functional measure equivalent to that of teleost fishes. (B) Ventral view of head and vertebrae showing data points for the 
head angle (θ ), which is the angle between the head and vertebrae on the ventral side of the anterior part of the skeleton. CC: the small fora-
men near the center of the cranial cartilage; PC: the midline of the postero-ventral margin of the cranium; PV: the first large process on the 
ventral sagittal line of the vertebra. (C, D) Frequency distributions of the (C) IAS of the mandibles and (D) θ  in the Japanese stingray. Lines 
show the probability densities derived from the three models (see Methods). The model selected by the lowest Akaike information criterion 
(AIC) value is indicated by the thick line.



Supplementary Figure S3.  Relationship between growth and laterality in large-
mouth bass (Micropterus salmoides). The absolute values of the index of asymmetry 
(IAS) of mandibles and the head angles (θ ) in three size classes did not differ sig-
nificantly (ANOVA, P =  0.2379 for IAS and P =  0.7791 for θ ). Individuals were sam-
pled from the same population in Lake Biwa, Japan, in 2004–2008. Vertical bars 
indicate standard deviations (s.d.). Small fish were primarily 0 +  (n =  20, standard 
length [SL; mean ±  s.d.] =  76.1 ±  4.1 mm), medium fish were primarily 1+  (n =  20, 
SL =  125.1 ±  13.6 mm), and large fish were primarily ≥  2 +  (n =  20, SL =  173.4 ± 
16.8 mm).

Supplementary Figure S4.  Laterality of the flatfishes. Frequency distributions of the (A) index of symmetry (IAS) of the mandibles and (B) 
head angles in flathead flounder (Hippoglossoides dubius; upper) and olive flounder (Paralichthys olivaceus; lower). The lines are the same 
as those used in Fig. 2. In both species, the model with the best fit to the distributions of IAS was fluctuating asymmetry, whereas the best 
model for head angle was anti-symmetry (see Supplementary Table 1).



Supplementary Figure S5.  Laterality of the hagfish. (A, B) Data for measurements from inshore hagfish (Eptatretus burgeri). (A) Ventral 
view of the mouthparts of a moderately boiled fish sample. A pair of flat cartilaginous structures behind the tooth plates is exposed. FC: the 
length of the flat cartilaginous structure used for the index of asymmetry (IAS). (B) Dorsal view of the anterior part of the body in a transparent 
preparation showing data for the head angle. CN: the center of the cartilaginous rings of the nasal tube; MC: the posterior end of the mem-
branous cranium; DP: the dorsal datum point equidistant from MC to CN–MC on the sagittal line. Head angle (θ ) is defined as the angle of 
the line extending anteriorly from MC–DP to CN–MC. A fish with a clockwise positive angle is defined as left type, whereas a fish with a 
negative angle is defined as right type. The definitions of right and left types are consistent with those shown in the ventral view of Fig. 1. (C, 
D) Frequency distributions of (C) IAS of the flat cartilaginous structure and (D) θ  in inshore hagfish. The lines are the same as those used in 
Fig. 2. Both distributions showed anti-symmetry (see Supplementary Table 1).



Supplementary Figure S6.  Laterality of the lamprey. (A, B) Data points used for measurements in arctic lamprey (Lampetra japonica). (A) 
Ventral view of a mouthpart in which a pair of spinose cartilaginous structures behind the suction cup are exposed in a moderately boiled fish 
sample. SC: the length of the spinose cartilage used for the index of asymmetry (IAS). (B) Dorsal view of the anterior part of the body in a 
transparent specimen showing the data points used for head angle (θ ) on the ventral sagittal line. PD: the anterior end of the posterior dorsal 
cartilage; PO: the posterior end of the postero-occipital cartilaginous ring; DP: the dorsal datum point equidistant to PD–PO. θ  is defined as 
the angle from the line extending anteriorly from PO–DP to PD–PO. A fish with a clockwise positive angle is defined as left type, whereas a 
fish with a negative angle is defined as right type. (C, D) Frequency distributions of the (C) IAS of spinose cartilaginous structures and (D) θ 
in arctic lamprey. The lines are the same as those in Fig. 2. Both distributions showed anti-symmetry (see Supplementary Table 1).



Supplementary Figure S7.  Degrees of laterality in extant cartilaginous fish orders 
and sturgeons. Two measures of the laterality, the index of asymmetry (IAS) of the 
mandibles and the head angle, are displayed as in Fig. 3A. Fish species are grouped 
into four color-coded categories.


