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The genus Sinocyclocheilus, comprising a large radiation of freshwater
cavefishes, are well known for their presence of regressive features (e.g. vari-
able eye reduction). Fewer constructive features are known, such as the
expansion of the lateral line system (LLS), which is involved in detecting
water movements. The precise relationship between LLS expansion and
cave adaptation is not well understood. Here, we examine morphology
and LLS-mediated behaviour in Sinocyclocheilus species characterized by
broad variation in eye size, habitat and geographical distribution. Using
live-staining techniques and automated behavioural analyses, we examined
26 Sinocyclocheilus species and quantified neuromast organ number, density
and asymmetry within a phylogenetic context. We then examined how these
morphological features may relate to wall-following, an established cave-
associated behaviour mediated by the lateral line. We show that most species
demonstrated laterality (i.e. asymmetry) in neuromast organs on the head,
often biased to the right. We also found that wall-following behaviour
was distinctive, particularly among eyeless species. Patterns of variation in
LLS appear to correlate with the degree of eye loss, as well as geographical
distribution. This work reveals that constructive LLS evolution is convergent
across distant cavefish taxa and may mediate asymmetric behavioural
features that enable survival in stark subterranean microenvironments.

1. Background

Cavefishes are valuable model systems for understanding the evolution of
adaptive features [1-4] because the cave environment presents extreme and
constant pressures, such as limited food and perpetual darkness. These selec-
tive pressures are associated with common regressive changes such as vision
and pigmentation loss [5,6]. However, constructive features have also evolved
Electronic supplementary material is available in cave-dwellers, often including the enhancement of non-visual senses [7].
online at https://doi.org/10.6084/m9.figshare. The lateral line system (LLS) is one such non-visual sensory system composed
.6233242. of peripherally distributed neuromast organs. These organs are composed of
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sensory hair cells harbouring a ciliary bundle (composed of a
kinocilium and multiple stereocilia) surrounded by support
cells [8,9]. In the head (cephalic) region, there are two types
of neuromasts: larger canal neuromasts (CNs) that are con-
tained within fluid-filled canals embedded with bones and
superficial neuromasts that are found on the skin [10,11].

Other cave-dwelling species show significant modifications
to the LLS. For instance, in the Mexican tetra (Astyanax mexica-
nus), cave-adapted morphs have more, and larger, neuromast
organs compared to closely related surface-dwelling morphs.
Additionally, cave morphs demonstrate a more asymmetric
distribution of neuromasts on the head compared to surface
morphs [12]. At present, the functional relevance of this asym-
metry in sensory distribution in cave-dwelling animals is
unclear. It may, however, facilitate a number of behavioural
features of cave-adapted fishes, including lateral swimming
preferences and wall-following behaviour [7,13-17].

Here, we sought to examine variation in the LLS among
species in a species-rich genus, the Sinocyclocheilus. This
genus provides a unique opportunity to examine morphologi-
cal features, and putative behavioural correlates, in the context
of many independently derived Sinocyclocheilus cavefishes
comprised species showing variation in eye size, habitat type
and geography [18,19].

Roughly one-third of the world’s known cavefish species are
endemic to China (148 species) [20], including those in the genus
Sinocyclocheilus (Cypriniformes: Cyprinidae), which encom-
passes 75 known species [21]. These fishes are distributed
across a vast karstic area of approximately 62 000 km? in the pro-
vinces of Yunnan, Guizhou and the Guangxi Zhuang
Autonomous Region [22-24]. A prior study established that
Sinocyclocheilus species can be divided into three categories
based on eye morphology: normal-eyed, micro-eyed and eye-
less. Mao et al. [19] showed that these three groups (quantified
based on standardized eye diameter) often correlate to habitat
use. Specifically, eyeless (also called ‘blind’) cavefishes are
mostly obligate cave-dwellers (i.e. ‘stygobitic’), meaning that
they never leave the cave environment as adults. Micro-eyed
cavefishes are mostly facultative cave-dwellers (i.e. ‘stygophi-
lic’), meaning they move among the cave, transitional and
surface habitats. Finally, normal-eyed Sinocyclocheilus exclu-
sively reside in surface waters [19]. Interestingly, however, eye
morphology was not uniformly associated with these habitats
(e.g. certain eyeless species are stygophilic), underscoring the
complex evolutionary histories and ecological correlates of this
genus. Nevertheless, this species-rich radiation enables a
robust analysis, across multiple dimensions, to examine putative
relationships between neuromast features and lateral line-
mediated behaviours. While a prior study in Sinocyclocheilus
investigated neuromasts comparing a single surface-dwelling
species with an obligate cave-dwelling species [17], here we
performed analysis of 26 species within the genus.

Since neuromasts may provide functional compensation
for vision loss, we hypothesized that more extreme eye loss
may be correlated with expansion of the LLS. Therefore, we
examined three principal features: numerical variation and
area covered by neuromasts, lateral distribution of neuro-
masts, left-right asymmetry and behavioural differences in
wall-following. We predicted that eye size would be inversely
correlated to numbers and area of neuromasts. Additionally,
we predicted cave-dwellers (both obligate and facultative)
would show higher distributional asymmetry of neuromasts
compared to surface species, either due to selection (e.g. for

lateral swimming preference) or neutral forces (e.g. relaxed
selection on maintaining symmetry). Finally, we predicted
that the more extreme cave-adapted fishes would show
more lateralized swimming behaviours.

Interestingly, we found that the distribution of neuromasts
was asymmetric across all groups, but the degree of asymmetry
was more pronounced for species with ‘regressed’ eyes (i.e.
inclusive of micro-eyed and eyeless). We also found that eyeless
cave-adapted species show the most robust wall-following be-
haviour. Collectively, this work provides a comprehensive
examination of LLS evolution in the highly diverse cave-
adapted genus Sinocyclocheilus. In this context, our work further
clarifies the complex relationships between environmental
pressures of the cave and the evolution of constructive features.

2. Methods

(a) Fish collection and husbandry

Adult fishes were collected from the field between 2017 and 2020
across the Yunnan and Guizhou Provinces, and the Guangxi
Zhuang Autonomous Region of China (figure 1; see geographical
coordinates in electronic supplementary material: electronic sup-
plementary material, table S1 and figure S1). All fishes were
categorized based on eye morphology which was quantified
using the sED metric (standardized eye diameter: the ratio of eye
diameter to standard length, SL). Species were placed into three
groups: (i) ‘normal-eyed’ = typical eye size and structure, sED >
3.0 mmy; (i) “micro-eyed’ = eyes and lens were measurable but sig-
nificantly regressed, sED <3.0 mm and (iii) ‘eyeless’ = eyes were
completely absent and unmeasurable (i.e. described as ‘blind” in
Mao et al. [19]). All fishes were maintained in an automated fish hus-
bandry system (pH: 7.0-8.0, temperature 19+1°C, dissolved
oxygen 8.5 mg 1™") without light. For this study, 76 representative
individuals from 26 Sinocyclocheilus species (approx. 35% of species
in the genus) were used (table 1). For comparison, we also examined
individuals (n =3 each) from two closely related species, Carassius
auratus and Cyprinus carpio [25].

(b) Vital staining of neuromasts

To visualize neuromasts, live fish were immersed in 25 pg ml™"
DASPEI (D0815; Sigma-Aldrich) dissolved in 11 of water
[12,26,27]. Fish were first anaesthetized by exposure in a sterile
solution of MS-222 (10-20 pug ml™"; E808894-5g; Macklin) for
3-6 min, followed by brief immersion in ice water for approxi-
mately 20s, depending on size of the individual (e.g. smaller
specimens were exposed to ice water for shorter periods).

(¢) Quantification of neuromast asymmetry and
distribution patterns

Here we focused specifically on the head region, defined as the
area rostral to the opercular and interopercular bones, exclusive
of the lateral gill (figure 2m) [23]. Imaging was performed
using a Leica M165FC stereomicroscope equipped with epi-
fluoresence, using three fluorescent filters: Blue (470/40 nm
excitation), Texas Red (560/40 nm excitation) and Green (546/
10 nm excitation). Dorsal lateral, left-lateral and right-lateral
aspects of each individual were imaged under identical con-
ditions. High-definition ‘montage’ images were obtained
following automated alignment by ‘flattening” 30 images col-
lected in the z-plane (x 9/13/16 magnification) using LASX
(Leica) or Helicon Focus Pro v7.6.1 imaging software. The out-
lines of each fish and associated neuromast positions were
obtained using the ‘pencil’ and ‘point’ tools in GIMP v2.10.24
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Figure 1. Map of sampling sites for 26 species of Sinocyclocheilus. Four main clades (a—d) are depicted alongside categorical eye morphology (normal-eyed, yellow
dot; micro-eyed, blue dot; and eyeless, red dot) for each species. Representative images of individuals from each clade are shown. These include the early-emerging
Clade A in the eastern range of Guangxi (yellow transparent oval), the western Clade D distribution in Yunnan (orange transparent oval) and Clades B (blue
transparent oval) and C (grey transparent oval) in the intervening geographical range inclusive mainly of Guangxi and Guizhou. Provinces: GZ = Guizhou;
YN = Yunnan; Guangxi Zhuang Autonomous Region = GX). (Online version in colour.)

(figure 2¢g—i). Neuromast numbers were quantified using * Find
Maxima’, an automated cell counting feature and ‘Measure” fea-
ture in FIJI (as described in [28]). All area measurements were
illustrated from flattened montage images by outlining each
region, using the ‘measure’ function and converting to mm?.
The SLs of all specimens were collected using a Vernier calliper.

To examine symmetry of neuromast positions across the left-
right axis, we superimposed fluorescent images of neuromasts
within each individual by performing a horizontal reflection of
the left-lateral images. This involved identifying overlap of pos-
itions for neuromasts on the right and left sides of the head, as
described in [29]. We then implemented the ‘colocalization’
[30] and ‘JACop’ [31] plugins in FIJI to calculate an overlap coef-
ficient (OC) [12,32] based on the frequency of overlap between
sides (left, right). This value represents the ‘asymmetry value’
(OC, figure 2n) of neuromasts for each individual (OC <0.4
represents as asymmetry patterns [33]). Finally, to measure the
relative clustering between neuromasts across species, we
employed ‘Delaunay Voronoi’ triangulation (FIJI) to quantify
the mean distance between neuromasts (annotated as ‘DEL’)
that represents the ‘density’, as described in [34,35] ( figure 2j-I).

(d) Phylogenetic comparative analyses

We divided the 26 species into three categories based on eye mor-
phology (see above) yielding the following: normal-eyed (1 = 45),
micro-eyed (n = 21) and eyeless (1 = 12). Importantly, a few species
did not have uniform eye sizes across individuals (e.g. S. guanyan-
gensis) [23]. In these cases, we selected individuals displaying the

most common eye phenotype in this species (e.g. ‘normal-eyed’).
For these analyses, we used an established phylogenetic tree (see
Mao et al. [19], electronic supplementary material, methods) on
which we mapped quantifiable constructive features.

To understand the broader patterns of neuromast evolution
across different species of Sinocyclocheilus, we also performed ances-
tral state reconstructions using maximum likelihood (‘phytools’
v1.0-1 [36]) in R. The first trait we examined was numerical bias
of head neuromasts (i.e. which side of the head harboured more
neuromast organs). This lateral bias trait was scored by calculating
a signed asymmetry rate (SAR), SAR = (R —L)/(R + L)*100%;
[37]. This analysis yielded two morphological categories: ‘right-
biased” (SAR > 0), in which more neuromasts are on the right-side
and ‘left-biased” (SAR <0) in which more neuromasts are on the
left side of the head (figure 3; electronic supplementary material,
table S1 and figure S2). We next examined the distribution of neuro-
masts on the head, scored as the triangulation value from our
‘Delaunay Voronoi’ analyses. This metric of neuromast distribution
provided a mean distance between neuromast per unit area of the
head, yielding two groups: ‘sparsely distributed’” neuromasts
(where DEL>0.2) and ‘densely distributed” (where DEL <0.2)
[27]. The third trait we examined was left-right asymmetry of neu-
romast distributions (i.e. OC, see above). Herein, ‘absolute-
asymmetry’ was defined as instances where OC <0.1, and ‘slight-
asymmetry’ were instances where OC >0.1. Next, we examined
how neuromast trait differences between normal-eyed and
regressed-eyed (micro-eyed + eyeless) groups by performing a set
of Spearman’s rank correlation analyses. The variables we examine
included: (i) number of neuromasts, (ii) distributional area occupied
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Table 1. Summary of the 26 Sinocyclocheilus species grouped according to eye morphology (normal-eyed, micro-eyed, eyeless), habitat (stygobitic, stygophilic, [}

surface), clade (A, B, C and D) and geography (province). Clades A-D are as described in Mao et al. [19]. Provinces: Yunnan = YN, Guizhou = GZ, Guangxi

Zhuang Autonomous Region = GX).

stygobitic
normal-eyed S. guilinensis - A, GX
S. jii - A, GX
S. guanyangensis - A, GX
S. zhenfengensis - B, GZ
S. huanjiangensis - C, GX
S. macrophthalmus - C, GX
S. brevis - C, GX
S. lingyunensis - C, GX
S. yishanensis - C, GX
micro-eyed S. mashanensis - B, GX
S. altishoulderus - B, GX
S. microphthalmus - B, GX
S. bicornutus - B, GZ
S. rhinocerous - B, YN
S. ¢yphotergous - C, GZ
eyeless S. furcodorsalis - B, GX

S. tianlinensis - B, GX
S. tianeensis - B, GX
S. xunlensis - C, GX

by neuromasts, (iii) asymmetry value—OC, (iv) mean distance
between neuromasts, (v) area of the head occupied by the eyes
and (vi) SL. All neuromast scores were subjected to parametric
one-way ANOVA with a post hoc Tukey test analysis. Non-
parametric analyses were subjected to Wilcoxon signed-rank test
(two-tailed, Holm correction) or a Kruskal-Wallis test with a post
hoc Dunnett test analysis (two-tailed, Bonferroni correction).
Unless otherwise stated, all statistical analyses were carried out in
R v.3.6.3 [38], and significance for each test was set at p <0.05. All
graphs were created using package ‘ggplot2’ v3.3.5 [39].

(e) Behavioural analyses

To examine the potential role of neuromast traits on behaviour,
we carried out a series of behavioural assays using 14 species
(n =3 individuals per species). These included ‘normal-eyed’ species
(S. guilinensis, S. longibarbatus, S. macrophthalmus, S. oxycephalus,
S. zhenfengensis, S. purpureus and S. maitianheensis); ‘micro-
eyed’ (S. mashanensis, S. microphthalmus, S. bicornutus and
S. multipunctatus) and ‘eyeless’ (S. furcodorsalis, S. tianlinensis and
S. tianeensis). Each individual was acclimatized for 30 min in a rec-
tangle arena (45 x 28 x 28 cm) in fresh, conditioned system water.
An infrared camera (Canon XF405) captured video under infrared
light in a sound-proof, dimly lit room (frame rate: 25.00B 1280 x
720, 8 Mbps).

These studies focused on wall-following, an established
behaviour associated with lateral line sensation in other cave-dwell-
ing fishes. This behaviour was scored based on the length of time,
and the facing side (left or right), of continuous swimming within
a minimum distance from the tank wall. The distance employed
was tank wall, less than 0.5 SL per individual from the wall, follow-
ing the methods of Sharma ef al. and Patton et al. [40,41]. For each
assay, we recorded normal swimming for 10 min to observe wall-
following and then added a barrier (an opaque cylinder, diameter
5 cm) for 5 min and recorded the side with which the individual

stygophilic surface

S. longibarbatus - C, GZ

S. angustiporus - D, YN
S. oxycephalus - D, YN

S. malacapterus - D, YN
S. purpureus - D, YN

S. maitianheensis - D, YN

S. multipunctatus - C, GZ

approached the barrier [42-44]. All behavioural studies were ana-
lysed using EthoVision XT (v15.0, Noldus) alongside direct visual
monitoring. This approach enabled us to both establish the presence
of wall-following behaviour and determine the frequency of lateral
approaches to the barrier.

3. Results and discussion

Animals living in perpetual darkness frequently lose vision
while enhancing non-visual sensory systems. In other cave-
adapted fishes, the lateral line sensory system is enhanced
through increased numbers of peripheral sensory organs (neu-
romasts) [42,45/46]. In other species systems, this sensory
expansion is lateralized [12,47-50], manifested as an asym-
metric distribution and/or number of sensory organs. While
the precise function of this asymmetry is unclear, it may be a
consequence of relaxed pressure to maintain symmetry in an
organism in the absence of vision. Alternatively, non-visual
sensory asymmetry may be adaptive, by mediating lateral be-
havioural preferences that have been demonstrated in
cavefishes. Here we found that many of the same features
are present among species in the large Sinocyclocheilus lineage,
suggesting that environmental pressures within the cave
microenvironment influence the evolution of both sensory
expansion and asymmetry.

(a) Patterns of neuromast asymmetry

In other cave-dwelling species, neuromast asymmetry
demonstrates a consistent left-side bias (e.g. A. mexicanus
cave-adapted morphs from North America) or a right-side
bias (Gasterosteus aculeatus from Central America) [37,51].
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Figure 2. Imaging, quantification and data collection from a representative Sinocyclocheilus individual. A representative S. tianlinensis is bright-field and fluorescent
imaged in the dorsal (a,d), left-lateral (b,e) and right-lateral (c,f) aspects. The areas of each aspect of the head were collected (black lines, (g—i)) and the precise
positions of each superficial neuromast were recorded (red dots, (g—i)) based on DASPEI-positive signals from each fluorescent image (green, (d—f)). The mean
distance between all head neuromasts was calculated using Delaunay Voronoi triangulation (yellow lines, ( j—/); see Methods). The area of the head scored in each
individual (blue dotted lines, (m)) was compared for left- and right-sided positions of neuromasts (red and green dots, (n)). The overlap in position of neuromasts,
i.e. the ‘0C for each individual was quantified (e.g. 0C=0.086) using the JACop feature in FIJI. Scale = 1.0 mm. (Online version in colour.)

Neuromast distributions in our analysis revealed asymmetry
was present across the left-right axis, and this variation
was present within and across species. OCs indicated that
all Sinocyclocheilus species showed some degree of asym-
metry (figure 4; electronic supplementary material, table
S2), while neither of the cyprinid outgroups showed com-
parable levels of asymmetry. Notably, with respect to eye
morphology, the three groups we examined (normal-
eyed, micro-eyed and eyeless) failed to show statistically
significant differences in asymmetry scores. This may
suggest that sensory asymmetry is a putatively ancestral
feature of this genus. Having said this, we do note that
normal-eyed species were marginally more symmetric,
particularly compared to eyeless species (mean=+s.d.:
normal-eyed = 0.098 + 0.050; micro-eyed = 0.096 +0.027; H, =
0.64, p > 0.05; eyeless = 0.091 + 0.031; electronic supplementary
material, table S6).

In comparing asymmetry among clades within Sinocyclochei-
Ius, we discovered that Clade D (uniformly comprised normal-
eyed, surface-dwelling species) showed the least asymmetry
(mean +s.d. =0.119 + 0.058). Alternatively, Clade C (comprised
species with both reduced- and normal-eyes) demonstrated the

most asymmetry (mean +s.d. = 0.079 + 0.031). This finding con-
sistent with prior work suggesting asymmetry facilitates
navigation in darkness [52,53], food-foraging success [54] and
the ability to maximize sensory information [37,51]. We note,
however, that there was modest within-species variation for
some Clades (see bar lengths in Clade A, figure 4), but substantial
within-species variation for others (see bar lengths in Clade D,
figure 4). We also note that Clade D (composed exclusively of
normal-eyed fishes) were among the most asymmetric species,
implying that neuromast asymmetry is likely not a simple func-
tion of visual system loss. Rather, the evolutionary history of this
clade may have supported an adaptive relevance to lateral line
asymmetry that is unrelated to the environmental pressures
within a cave.

(b) Numerical variation and lateral distribution of

neuromasts
Unexpectedly, there were significantly fewer neuromasts in eye-
less species compared to normal- and micro-eyed species
(mean +s.d.: normal-eyed =1859 +504; micro-eyed =2252 +
802; eyeless=1543+248; H,=10, p=0.007, electronic
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Figure 3. Fluorescent neuromast labelling in Sinocyclocheilus groups demonstrating three distinct eye morphologies. A representative eyeless species, S. furcodorsalis
(Clade B from Guangxi), shown in the dorsal (a), left-lateral (b) and right-lateral (c) aspects. This species demonstrates absolute asymmetry of head neuromasts
(biased to the right side), which are sparsely distributed. A representative micro-eyed species, S. microphthalmus (Clade B from Guangxi), shown in the dorsal (d),
left-lateral (e) and right-lateral (f) aspects. S. microphthalmus demonstrates slight asymmetry (biased to the left side) of head neuromasts, which are sparsely
distributed. A representative normal-eyed species, S. oxycephalus (Clade D from Yunnan), shown in the dorsal (g), left-lateral (h) and right-lateral (i) aspects.
This species demonstrates slight asymmetry (biased to the right side) of head neuromasts, which are densely distributed. Yellow dotted line around head represent
the area under consideration, solid white cycles show the eye ball and the white cycles show the eye orbit. Scale =1 mm. (Online version in colour.)
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Figure 4. Four clades of Sinocyclocheilus demonstrate group-level variation in lateral line sensory asymmetry. Substantial variation exists in lateral asymmetry based
on calculated asymmetry values across 26 species of Sinocyclocheilus with eye morphology variation. We found a trend towards higher symmetry from Clades A-D,
composed which are composed of normal-eyed (white), micro-eyed (yellow) and eyeless (blue) species. Note variation within each species was modest for some
(lades (see bar lengths in Clade A), but substantial for others (see bar lengths in Clade D). We note, however, that Clade A (similarly composed exclusively of
normal-eyed fishes) were among the most asymmetric species, suggesting that neuromast asymmetry is likely not a simple function of visual system loss. A lower
value represents higher asymmetry. For statistical results, see electronic supplementary material, tables S2 and S6. (Online version in colour.)
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Figure 5. The area, number and mean distance between neuromasts across four clades of Sinocyclocheilus reveal deep trends in sensory lateralization. Our com-
prehensive analyses examined the number of neuromasts on the head in the dorsal (a), left-lateral (b) and right-lateral aspects (c). Additionally, we compared the
mean distance between neuromasts in the dorsal (d), left-lateral (e) and right-lateral aspects (f). Finally, we compared the head areas populated by neuromasts on
the dorsal (g), left-lateral (h) and right-lateral aspects (/). Normal-eyed fishes are represented in white, micro-eyed fishes in yellow and eyeless fishes in blue
histograms (mean value = asterisks, ends of histograms = s.d.). (Online version in colour.)

supplementary material, table S6), in contrast with other systems.
Namely, surface morphs of the Astyanax mexicanus have fewer
and more sparsely distributed neuromasts compared to cave
morphs [12,55].

In the dorsal aspect of the head, all species had fewer neu-
romasts compared to the lateral sides of the head (figure 53—
c). Eyeless fishes had the fewest dorsal neuromasts, normal-
eyed fishes had the most and micro-eyed fishes were inter-
mediate (mean * s.d.: normal-eyed = 503 + 155; micro-eyed =
437 +194; eyeless=305+77; H,=16.5, p<0.001, figure 6a;
electronic supplementary material, table S6). A potential
explanation for this may be that obligate subterranean
fishes experience relaxed predation pressures, e.g. from
birds [22,56], compared to surface-dwelling fishes. However,
a few dorsal neuromasts may be necessary for navigation
within caves [57]. A notable exception from this pattern
was S. lingyunensis for which more neuromasts were found
on the dorsal surface of head (mean dorsal =557, left =419,
right =453). In the lateral aspect, normal-eyed and eyeless

fishes had higher counts on the right-side, while micro-eyed
species had more neuromasts on the left-side (figure 6b).

With respect to the relative density of neuromasts
(figure 5d—f), we found that dorsal neuromasts are the most
sparsely distributed across groups, especially in eyeless species
(mean +s.d. of DEL: normal-eyed = 0.24 + 0.04; micro-eyed =
0.28 £0.10; eyeless=0.31+0.06; H,=12, p=0.002; figure 6c;
electronic supplementary material, table S6). On the lateral sur-
faces of the head, neuromasts also tended to be sparser on the
right compared to the left sides for all groups (figure 6d).

We then examined the area occupied by neuromasts and
compared this feature across groups (figure 5¢—i). In the
dorsal head, we a significantly smaller area was populated by
neuromasts in eyeless species compared to normal- and
micro-eyed species (mean=+s.d.; normal-eyed =3.88 +1.33;
micro-eyed =3.13 + 1.94; eyeless =2.14 + 0.59; H,=15.9,
p<0.001; figure 6e). The distributional area of neuromasts
across the left and right sides were also comparable across
species, but normal-eyed species had the largest area, micro-
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Figure 6. Statistical comparisons comparing the dorsal, left- and right-lateral heads for several features reveal significant trends based on eye morphology. We
examined the non-parametric statistical relationship between neuromast features comparing normal-eyed (orange), micro-eyed (yellow) and eyeless (blue) Sino-
¢yclocheilus across the dorsal, left-lateral and right-lateral heads (a,ce). Additionally, we compared non-parametric statistical test values within each
morphology group focusing on the dorsal (red), left (grey) and right (green) aspects (b,d,f). The neuromast features included the number of superficial neuromasts
(a,b), the mean distance between neuromasts (c,d) and the area of the head populated by neuromasts (e,f). *: p < 0.05, **: p < 0.01 and ***: p < 0.001. All
statistical results are provided in the electronic supplementary material, tables S2 and S6. (Online version in colour.)

eyed species were intermediate and eyeless species had the
smallest areas (mean + s.d.: normal-eyed = 14.49 + 4.59; micro-
eyed =16.44 + 8.80; eyeless=10.56+2.95; F=3.83, p=0.026;
electronic supplementary material, table S6; figure 6f). Thus,
although neuromast patterns of distribution are generally
regarded as being more complex in eyeless species [17], this
does not appear to be the case uniformly across Sinocyclocheilus.

Eyeless Sinocyclocheilus species have fewer CNs compared to
normal-eyed species (median: normal-eyed = 17, micro-eyed =
13; eyeless =5; electronic supplementary material, table S6).
Surprisingly, no CNs were observed in S. rhinocerous and S. cypho-
tergous (electronic supplementary material, table S2), suggesting
that the canal LLS may have regressed in these species. In dis-
tantly related species, surface populations tend to show highly
stereotypical numbers and positions of CNs, while cave [49]
and derived [58,59] populations are quite variable.

In sum, neuromasts are mostly reduced in number and in
area of distribution in eyeless species of Sinocyclocheilus.
Unexpectedly, micro-eyed species had the most neuromasts,
a larger distributional area, and more densely clustered neu-
romasts than species in the other two groups. These relatively
augmented features may have evolved as a consequence of
micro-eyed forms being subjected to heterogeneous selective
pressures since they encounter surface, subterranean and

transitional habitats [23,60,61]. Conversely, eyeless Sinocyclo-
cheilus species appear to have adapted to the subterranean
habitat using fewer neuromasts. It should be noted, however,
that although eyeless species, e.g. S. tianlinensis, have fewer
neuromasts, each organ has more sensory hair cells which
may have improved the neurobiological sensitivity to detect
higher frequency detection [17,62,63]. Thus, although this
species harbours fewer sensory organs, sensory expansion
may have evolved through an alternative route of increased
the receptive potential at the level of each sensory organ.

(c) Correlations between asymmetry and eye
morphology

We found that the area within which neuromasts were dis-
tributed was positively correlated with the number of
neuromasts (p =0.77, p <0.001). Unsurprisingly, the mean dis-
tance between neuromasts (i.e. the density of neuromasts,
more distance =less dense) was inversely correlated to the
number of neuromasts (p =—0.63, p <0.001). Interestingly, it
appears that patterns of sensory asymmetry are most evident
based on the relative clustering of neuromasts (electronic sup-
plementary material, table S57). Species with regressed eyes
were more asymmetric than normal-eyed species, albeit
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with more sparsely distributed neuromasts. This finding may
indicate that loss of vision in Sinocyclocheilus is broadly
associated with sparser, and more asymmetrically distribu-
ted, neuromast organs. The lower density of neuromast
distribution may be an optimization to provide the lower res-
olution of information for living in stable environment
(distinguishing a wall or a ceiling, as opposed to a predator).
At present, however, it remains unclear precisely what is the
functional relevance of this pattern in the cave microenviron-
ment [37].

(d) Patterns of neuromast evolution

We performed an ancestral reconstruction of the three princi-
pal neuromast traits examined in this study: numerical
variation, neuromast distributions (i.e. sparse or dense) and
symmetry of lateral distributions (figure 7). Examining these
traits in the context of a phylogenetic analysis reveals that
these traits do not necessarily evolve in concert (electronic sup-
plementary material, tables S3-S5), but show complex patterns
across lineages. For example, while asymmetry was associated
with the evolution an eyeless species such as S. furcodorsalis, it
was not associated with that of a different eyeless species
(S. tianlinensis; figure 7a). Similar incongruities were found
for the polarity of asymmetric differences, i.e. whether a bias
was towards the left or right (figure 7b), as well as neuromast
distributions. We feel these results imply that complex trends
in neuromast, of lateral line evolution has occurred indepen-
dently across these lineages, likely in response to diverse
selective pressures acting on each species and perhaps together
with developmental plasticity.

(e) Wall-following behaviour in Sinocyclocheilus

Our behavioural assays revealed that eyeless species navigate
markedly differently from normal- and micro-eyed species.
Both normal-eyed and eyeless Sinocyclocheilus species prefer

to use the lateral side with more neuromasts for wall-follow-
ing behaviour (wall-following time, mean+s.d.: normal-
eyed =87.87 +66.59 in left, 76.97 +50.75 in right; eyeless =
150.55 £ 81.29 in left, 122.91 £66.39 in right, see electronic
supplementary material, table S6; figure 8f). Specifically,
normal-eyed and eyeless species have more neuromasts
on the left side of their heads and perform wall-following
behaviour from the left-side more frequently (mean+s.d.:
normal-eyed =11 + 8 in left, 10+7 in right; eyeless=19 + 10
in left, 16 £10 in right; figure 8g; electronic supplementary
material, table S6). By contrast, micro-eyed Sinocyclocheilus
species showed no differences between left and right sides.

In summary, eyeless species demonstrated a more restricted
pattern of tank usage for wall-following behaviour, but with
more increased activity. Conversely, sighted species used the
entire arena space with more random swimming patterns
(figure 8c—¢’). Wall-following behaviour has also been character-
ized in A. mexicanus; however, eyeless morphs orient their
lateral side with fewer neuromasts towards the wall, while per-
haps using the opposite side for detecting stimuli important for
feeding, communication and spatial learning [14,42]. Eyeless
Sinocyclocheilus species show a similar pattern of asymmetry;
however, herein the side with more neuromasts appears to be
essential for mediating this lateral preference [64].

4. Conclusion

Sinocyclocheilus is an old species complex, with an estimated
age of approximately 10-11 My [19,65]. These species are dis-
tributed across a vast karstic expanse spanning three
provinces in southern China [22]. Prior work shows that
one of the major drivers of speciation in this group was iso-
lation over long periods of time, suggesting geographical
speciation has dominated this radiation [19,66,67]. These
divergences occurred during the geological uplift of the
Yunnan-Kweichow Plateau alongside with the aridification
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of China, which occurred during the Pliocene and Pleistocene
eras [66]. We feel the diverse variation we discovered in neu-
romast evolution in these fishes likely evolved through a
complex set of influences reflecting this isolation and vast
geographical distribution.

In addition to some trends in lateral line evolution, we found
substantial variation in many neuromast features. This variation
may well be adaptive, given the complexity of navigating life in
markedly different habitats. For example, neuromast asymme-
try was mostly biased to the right-side with expansion; for
almost all species, neuromasts on the dorsal surface of head
were less numerous than the lateral sides of the head. Species
with regressed eyes (micro-eyed and eyeless) showed more
asymmetry than the normal-eyed forms. However, we found
the most neuromast variation in micro-eyed species that
encounter both cave and surface environments. Wall-following
assays further underscore the likely association with behaviour-
al evolution between cave-adapted species, given the clear
differences between normal-eyed and eyeless species. Although
the relevance of these behavioural differences is incompletely
understood, lateral sensation may facilitate adaptive habitat

exploration in total darkness. Finally, several patterns of neuro-
mast distribution and swimming behaviour are convergent
with other distantly related cavefishes species, underscoring
the importance of non-visual sensory expansion to survive the
starkness of the cave microhabitat.
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