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ABSTRACT: Qualitative and quantitative observations were made of the growth, distribution and
density of external taste buds (TB) in the barbels of 2 phylogenetically close species of the Mullidae
family (Perciformes: Teleostei) from the NW Mediterranean. Both species live on the continental shelf
and have similar benthivorous feeding habits, but each prefers a different bottom habitat. Mullus
surmuletus is typical of sandy and rocky bottoms, while Mullus barbatus is found over muddy bottoms
and reaches to deeper waters than M. surmuletus. The barbels of M. barbatus differ from those of M.
surmuletus in that they have a greater density and number of TBs, which are characteristically dis-
tributed in well-defined groups. These characteristics of M. barbatus are associated with a greater
sensitivity to chemical stimuli, as there is a compensatory relationship with the reduction of the visual

field which occurs in muddy and deeper waters.
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INTRODUCTION

The comparative study of morphological characteris-
tics and their relationship to environmental parameters
is important for the understanding of interactions be-
tween organisms and their environment {Norton et al.
1995). Since organisms receive information from the
environment in the form of stimuli (chemical, mechan-
ical, luminous, electrical, etc.) through sense organs,
the study of the latter is essential to explaining the
mechanisms that regulate animals’ distribution in
space and time (Blaxter 1988) and the phenomena of
competition and predation (Gomahr et al. 1992).

In ecomorphological studies of the sense organs of
teleost fishes, the relationships between patterns of
morphological diversity of the chemosensory systems
and patterns of ecological diversity have been little
studied (Norton et al. 1995). Only recently have
investigations of these systems begun, mainly with
fresh-water ostariophysi (Gomahr et al. 1992, Huber
& Rylander 1992, Cambray 1994, Kotrschal 1995).
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These studies compared the morphology of species
which are phylogenetically close, but display varied
ecological characteristics. Less is known of the rela-
tionships between the morphology of the chemore-
ceptors and the environment in marine non-ostario-
physi teleosts. Studies have focused on solitary
chemosensory cells (Kotrschal 1992, 1995), the sen-
sory pores of the dorsal radii of Pleuronectiformes
(Appelbaum et al. 1983, Livingston 1987), and re-
cently on the hyoid barbels of the Mullidae family
(McCormick 1993).

The objectives of this study were to examine the
chemoreceptor structure of the barbels in 2 species
living in different environments, in order to contribute
new data about the adaptation of the chemosensory
system to trophic resources in different substrata, and
to complement existing knowledge of the development
and changes in the barbel's structure in larval and
juvenile fish stages (McCormick 1993) with a quantita-
tive study of their development in the post-settlement
period. Up to now there have been no data on the
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growth of chemoreceptor cells over a lengthy period
of a teleostean fish's life.

These objectives are tackled in this study of the taste
buds in the hyoid barbels of red mullet Mullus bar-
batus and striped red mullet Mullus surmuletus, phylo-
genetically closely related species which live in the
NE Atlantic and Mediterranean (Gosline 1984, Hureau
1986). The barbels of the Mullidae arise from the
transformation of the branchiostegal ray into a fleshy,
flexible appendage covered with sensory structures
(Bougis 1952, Gosline 1984, McCormick 1993, Lom-
barte & Aguirre 1995). These specialised barbels pro-
vide a base from which the Mullidae have evolved
their ecological and evolutionary features which assist
them in recognising the bottom and in searching for
prey items (Gosline 1984, McCormick 1993). In the
genus Mullus the ultrastructure of the TB corresponds
to that described for other teleost fish (Lombarte &
Aguirre 1995) and is characterised by a pore, the sur-
face of which is composed of the apical endings of dif-
ferent chemoreceptor cells with large and small micro-
villi. These cells are surrounded by non-sensorial
marginal cells (Caprio 1988, McCormick 1993, Reutter
1994).

Given the commercial importance of the 2 species of
Mullus selected, various aspects of their biology have
been widely studied (spawning, settlement, growth,
feeding). Even though their distributions overlap, they
show a clear segregation in habitat. M. surmuletus is
adapted to broken and rough ground and its maximum
abundance is located in depths of less than 100 m,
whereas M. barbatus inhabits muddy bottoms and
maximum abundance of adults occurs at greater
depths (between 100 and 300 m). In highly sedimen-
tary areas such as river mouths, M. barbatus may be
found at lesser depths and exclusively. It has also been
found that spawning and recruitment of the 2 species
in the Mediterranen are separated in time (Bougis
1952, Suau & Vives 1957 Hureau 1986, Renones et al.
1995) and in space (Garcia-Rubies & Macpherson
1995, Sdnchez et al. 1995).

MATERIAL AND METHODS

Scanning electron microscope (SEM) analyses of the
barbel surface were performed on right-side barbels
of 16 specimens of Mullus barbatus (58 to 227 mm in
total length) and 15 specimens of M. surmuletus {56 to
287 mm in total length).

The sizes cover a long period in the life of these fish
from their settlement period on the bottom to maturity.
Specimens were collected using oceanographic and
commercial fishing boats in the northwestern Medi-
terranean.

The barbels were prepared for SEM observation in
accordance with a standard protocol for observing the
surface of sense organs (Popper 1977, Kotrschal 1992).
As soon as the specimens came on deck, total length
was measured (TL in mm}, as were barbel length and
basal diameter {BL and BD in mm respectively, Fig. 1).
The barbels were fixed in a solution of filtered 2.5%
glutaraldehyde in 0.2 M phosphate buffer. Tissues were
postfixed in 1% osmium tetroxide, dehydrated and
dried by the critical point method. The samples were
mounted on aluminium stubs, coated with gold and
viewed with a Hitachi S 570 SEM operating at 15 kV.

To find the mean density of the taste buds (dTB), the
total number of taste buds (nTB) and their distribution
patterns of the taste buds, photographs were taken at
between 300x and 500x at 6 points distributed along
the barbel (Fig. 2). From these photographs, dTB was
calculated (number TB mm™2) for each barbel, as well
as the number of TBs per group.

Barbel surface area (BS) was considered as that of a
cone (the basal radius (Br) and length (BL) of which
correspond to those of the barbel), and was calculated
according to the following formula:

BS = - Br- VBr?+BL?

The total number of TBs (nTB) was calculated from
the barbel area and mean density of the TBs:

nTB = 2.dTB" BS

Allometrical relationships between TL and BS, dTB
and nTB were determined by fitting a power equation,
Y = aXP" for each size relationship. This resulted in
high correlations, with values of r? between 0.79 and
0.98. Analysis of covariance was used to compare the
curves of the morphometric relationships between
the 2 species and the t-test was used to compare the
slope value to the hypothetical value of isometry. The
confidence limits for parameter b (slope) were also
calculated for the 95 % level of significance.
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Fig. 1. Measurements taken in Mullus surmuletus and M. bar-
batus. TL: total length of the fish body; BL: barbel length; and
BD: barbel basal diameter
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Fig. 2. Mullus surmuletus. Scanning electron micrographs of the barbels. The numbers indicate the differ-

ent sites that were photographed in each barbel. Magnification 25x
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Fig. 3. Relationship between barbel surface area (BS, mm?) and total length

of fish {TL, mm) in Mullus surmuletus (----- ) and M. barbatus (

)

RESULTS

Growth of the barbel surface

Both species showed a growth in barbel surface (BS)
during post-larval growth (Fig. 3). In Mullus surmule-
tus the growth relationship was BS (mm?) = 0.017 TL
(mm)?"?” This growth was characterised by its iso-
metric relationship to total fish length (b = 2.097
0.134, t = 1.238). M. barbatus, however, showed the
growth relationship BS (mm?) = 0.009 TL (min)"">* This
growth was allometrically negative (b = 1.754 = 0.078,
t=1.830, p < 0.05). The slopes were tested for isometry
against a value of b = 2, as the relationship was be-
tween a linear value and a surface value. Comparison
of the slopes (b) showed that the relative size of the
barbel surface area was greater in M. surmuletus than
in M. barbatus (t = 2.35, p < 0.05). These differences
were more apparent in adults with lengths in excess of
140 mm.

Taste bud distribution pattern differences

The surfaces of the barbels were completely covered
with TB. The 2 species were well differentiated in the
distribution of the chemoreceptor cells. The TB were
present in isolation or in groups. Between the species
there were clear differences in TB grouping. Mullus
surmuletus had sensory cells sparsely distributed along
the surface of the barbel (Fig. 4a), unlike M. barbatus
which had sensory cells in well-defined groups (Fig. 4b).

These differences were clearly observed in quantita-
tive comparison (Fig. 5). Mullus surmuletus had a high
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Fig. 4. Distribution of
taste buds in (a) Mullus
surmuletus, (h) M. barba-
tus. Scale bars = 200 pm
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Fig. 5. Mullus surmuletus and M. barbatus. Grouping of taste
buds (TB). Colums show percentage of TB in groups of vari-

mm specimen. M. barbatus had a similar large
increase, NTB = 403.991 TL (mm)®**, growing from
12664 TB in a 58 mm specimen to 56767 TB at
227 mm. In both species the growth in the number of
TB showed a negative allometric relationship to
growth in the length of the fish. For M. surmuletus, b =
1.238 £+ 0.214, t = 3.561 and for M. barbatus, b=0.936 +
0.1474, t =7.222.

As with density, differences were observed between
the covariances of the curves of the 2 species (f =
14.14, p > 0.05). These differences showed a higher
number of TBs in Mullus barbatus than in M. sur-
muletus.
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DISCUSSION
Significance of morphological differences

The development of barbels has been associated
with a compensatory mechanism in turbid waters,
where the visual field is reduced (Davis & Miller 1967)
and the reactive distance of feeding in visual fish
predators is decreased (Benfield & Minello 1996).
However, in the 2 species studied in this paper the
greater proportional size of barbel surface is found in
Mullus surmuletus, a species which is not abundant on
muddy bottoms. The differences in barbel develop-
ment may be associated with differences in the growth
of the 2 species, without there being any clear physio-
logical significance. M. surmuletus is characterised by
greater body growth rate than M. barbatus (Renones et
al. 1995, Sénchez et al. 1995). Similar results have been
observed in river cyprinids of the genus Pseudobarbus
(Cambray 1994), where species that live in clearer
waters have proportionately longer barbels. Cambray
(1994) suggests that in Pseudobarbus TB density may
be more important than barbel length in locating food
in its turbid environment.

In fresh-water Cyprinidae high external TB density
has been associated with benthic and benthivorous
specles (Gomahr et al. 1992). A similar relationship is
observed in the Mullidae species studied, which are
selective predators of benthic invertebrates (Gharbi &
Ktari 1979, Guillén & Martinez 1995). The 2 species
studied show morphological and ecological similarities
to benthivorous Cyprinids. Both groups have high
chemoreceptor density in the barbels or in areas near
the head, which provide high sensitivity to chemical
stimulus (Gosline 1984, Gomahr et al. 1992, McCormick
1993, Lombarte & Aguirre 1995). In Mullus barbatus
mean density is 336 TB mm? and in M. surmuletus,
200 TB mm™2; in some benthivorous Cyprinidae studied
by Gomahr et al. (1992), external TB densities in the
gular region were between 285 and 297 TB mm™

A higher number and density and a more complex
structure of chemoreceptors in Mullus barbatus is
related to a higher sensitivity of its barbels to chemical
stimulus than in M. surmuletus (Caprio 1988, Gomahr
et al. 1992). Since the barbels' function is are related to
the process of searching for prey items (Gosline 1984),
a greater sensitivity in M. barbatus could facilitate the
location of prey in muddy bottoms, which are more tur-
bid (Ros et al. 1985), where visibility is lower (Benfield
& Minello 1996), and where chemical stimuli are a
more important source of information than in the rocky
areas (Bardach & Atema 1971).

Mullus barbatus has morphological characteristics
(TB distribution forming larger groups, head shape
and absence of colour in the fins) and ecological char-

acteristics (muddy, turbid and low visibility bottoms)
which differ from the other Mullidae studied. The mor-
phological adaptation of the barbels could be related to
other morphological trends of M. barbatus like the
shape of its head, which is angular in profile, and the
colourless dorsal fin (Hureau 1986). Gosline {1984)
suggests that the head profile is an adaptation of the
muscles involved in improving the water jet power
used to agitate the bottom. The loss of colour in the
dorsal fin is also related to a turbid bottom where the
visual field is very limited.

Mullus surmuletus shows morphological characteris-
tics (TB distribution isolated or forming small groups
of 2 or 3 TBs, lengthened head profile, coloured dorsal
fin) which are similar to those of other less specialised
Mullidae such as Upeneus tragula. an inhabitant of
clear surface waters (Gosline 1984, McCormick 1993).

In short, the 2 species of the genus Mullus, charac-
terised by specialisation of feeding on benthic inverte-
brates, have adapted by evolution to different habitats,
in accordance with the tendency to minimise competi-
tion and predation in species of common origin. The de-
velopment of distinct sensorial structures, in this case
the chemoreceptor organs in the barbels, played a fun-
damental role in this process of specific differentiation.

Taste bud addition

There is a significant post-embryonic increase in the
number of taste buds in the barbels of the 2 species of
the genus Mullus throughout their life. As estimates
are available of the fish's age, based on study of the
otoliths (Sanchez et al. 1983, Renones et al. 1995) or
modal length frequency analysis (Sanchez et al. 1995),
and of the total number of taste buds, it is possible to
determine an estimated average taste bud addition
for the 2 species of Mullus studied. Depending on the
method used to determined age, taste bud addition
varies between 17.5 and 44.9 TB d' in M. surmuletus
and between 194 and 51.84 TB d! in M. barbatus.
Bearing in mind that taste buds are made up of groups
of sensory cells {Caprio 1988, McCormick 1993, Reut-
ter 1994), the rate of cell addition must be greater. This
rate is even greater in young specimens, as is indicated
both by a negative allometric relationship between
the number of TB and the length of the fish and by the
greater TB density in immature fishes.

There have been descriptions of an increase in TB
in the initial phase of life of the tropical Mullidae
Upeneus tragula, which coincides with changes that
take place during the settlement of the larvae on the
bottom (McCormick 1993). That study showed that the
increase 1s continuous throughout the fish's life, even
after maturity (120 to 150 mm total length). The con-
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tinuous post-embryonic growth of chemoreceptor cells
is comparable with that of other sensorial systems of
teleost fish, as is the case for the photoreceptor layer
and pigment epithelium of the retinas in Merluccius
(Mas-Riera 1991) or for the mechanoreceptor ciliad
cells of the endorgans of the inner ear of Astronotus
ocellaris (Popper & Hoxter 1984) and Merluccius mer-
luccius (Lombarte & Popper 1994).

The significance of the increase in sensory cells
throughout growth is unknown; nevertheless, some
authors consider this increase to be related to a com-
pensation of the sensorial structures in response to
morphological and ecological changes in adult speci-
mens. Some sensory abilities of adults, especially those
connected with the discrimination and locating of
sources of sensory stimuli {food sources, predators), are
thus improved (Corwin 1983, Popper et al. 1988, Mas-
Riera 1991, Lombarte & Popper 1994). The fact that
larger specimens of the same species can live in deeper
waters (Suau & Vives 1957, Recasens 1992, Renones et
al. 1995) supports the hypothesis that the increase in
sensory cells is related to an increase in certain sensory
abilities which compensate for the limitation of the
visual field (Mas-Riera 1991, Lombarte & Fortuno
1992, Lombarte & Popper 1994) in such a way that
throughout the life cycle of a species there is a wide
distribution of resources.
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