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ABSTRACT The potentially molluscivorous East-African cichlid Astatoreo-
chromis alluaudi is known to exhibit phenotypic plasticity in its pharyngeal
jaw apparatus. We examined wild-caught (snail-eating) fish and specimens
experimentally reared on soft food for differences in bone structure in their
lower pharyngeal jaw (LPJ). The LPJ is built up of two halves, each of which
consists of four structural units: a bony dentigerous, sutural and cortical plate,
surrounding a medullary cavity containing sparse bone. Histomorphometric
data and associated statistical analysis on serial microradiographs through the
posterior third region of the LPJ, where crushing forces are assumed to be the
highest, reveal differing growth trajectories: (1) compensating for fish size
(standard length) the LPJ grows to a significantly larger size and volume in
snail-eating specimens, (2) all structural units distinguished contribute to the
volume increase of the LPJ in the hard versus the soft phenotype, and (3) the
bone volume fraction in each of the units keeps pace with the growth of the unit
proper, indicating that porosity does not change on one growth trajectory or
from one phenotype to another. In addition, morphological observations show
in hard food specimens: (1) the development of a structurally different bony
layer along the inner side of the cortical plate, and (2) a reinforcement of the
medullary cavity in the form of oriented trabeculae. Both are interpreted as a
consolidation of the medullary cavity to resist the compressive forces exerted

when hard food particles (mollusc shells) are crushed.

Pharyngeal jaws in cichlids and in related
pharyngognath families are a second pair of
jaws located deep in the buccopharyngeal
cavity and developmentally derived from the
second to fifth branchial arches (Nelson, '69;
Liem and Greenwood, '81; Vandewalle et al.,
’94). The paired upper pharyngeal jaws and
single lower pharyngeal jaw start their devel-
opment as cartilaginous masses and rods in
early ontogeny, but bone and tooth forma-
tion are soon initiated and the pharyngeal
jaws rapidly become large, predominantly
bony, toothed elements (Huysseune, '89). For
further information on the developmental
origin, form, and function of pharyngeal jaws
in general, and of cichlids in particular, see
Vandewalle et al. ('94).

The lower pharyngeal jaw (LPJ) and its
dentition have long been considered a valu-
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able diagnostic taxonomical feature, espe-
cially in cichlids (e.g., Greenwood, ’81; Tre-
wavas, '83; Kullander, 84 and refs. therein;
Casciotta and Arratia, ’93). The LPJ in
cichlids presents conspicuous differences in
form and dentition that have been related to
the trophic specialization of the species con-
cerned (piscivores, intrapharyngeal mollusc-
crushers, insectivores, etc.) (Barel et al., ’77).

Astatoreochromis alluaudi is a common
cichlid species of East-African lakes and riv-
ers of the Lake Victoria drainage system
(Greenwood, ’59). It feeds predominantly ei-
ther on snails (by crushing them between its
pharyngeal jaws) or on insects. Greenwood
(’59) described the two types, which differ in
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form of the pharyngeal bones, and inter-
preted them as subspecies because they were
confined to different lakes. Later, Greenwood
(’65) reported the shape changes of the pha-
ryngeal jaws when a descendent from a wild
specimen of a Lake Victoria population (show-
ing extreme pharyngeal hypertrophy, see be-
low) was raised under laboratory conditions
on a soft, snail-free diet. Hoogerhoud (’84,
’86) found considerable differences in the
morphology of the LPJ (bone shape and den-
tition) of this species from 40 mm standard
length (SL) onward, according to whether
the specimens were collected in lakes where
they feed on soft food items such as insects or
in lakes such as Lake Victoria where they
feed on snails. Specimens feeding on insects
had a rather small, slender LPJ, whereas
specimens feeding on snails had a large and
stout (so-called hypertrophied) LPJ (cf. also
Greenwood, '59). According to Hoogerhoud’s
(’86) data, such differences could indeed be
contrived experimentally in tanks within one
generation. The polymorphism in the LPJ
could therefore be phenotypical, and Hooger-
houd (’86) suggested that the differences in
LPJ development were most likely caused by
pressure on the bone resulting from the
crushing activity of the pharyngeal jaw appa-
ratus (and not by the extra calcium delivered
by snail shells, a suggestion made by Green-
wood, ’65). Ever since Greenwood’s (’65)
study, several reports have demonstrated the
variability in cichlid pharyngeal jaw morphol-
ogy as a result of phenotypic plasticity or as
expressions of genetic polymorphisms (e.g.,
Eccles and Lewis, ’79; Loiselle, '79; Lewis,
’82; Kornfield and Taylor, '83; Meyer, 89,
'90a,b; Witte et al., ’90).

Of the upper and lower pharyngeal jaws,
mostly the LPJ has been used in studies
dealing with pharyngeal jaw variability in
cichlids (but see Barel et al., ’76) because of
its (1) shape and structure reflecting con-
spicuously the functional importance of the
pharyngeal jaws in feeding, (2) supposed taxo-
nomical importance, and (3) easier accessibil-
ity.

Until now, only external shape and size
measurements have been used to character-
ize differences between phenotypes (e.g.,
Hoogerhoud, ’84, ’'86; Kornfield, 91). The
aim of the present work is to describe and
quantify the differences in bone structure of
the lower pharyngeal Jaw in Astatoreochromis
alluaudi in relation to the diet and to gener-
ate hypotheses on the possible morphoge-

netic mechanism responsible for the diver-
gence of phenotypes at a certain stage of
development.

MATERIALS AND METHODS

Eleven wild-caught specimens of Astatoreo-
chromis alluaudi from the Mwanza Gulf
(Lake Victoria), ranging from 53 to 101 mm
SL, were taken to represent the hard food
phenotype. It is known that the populations
in this lake mainly feed on the thick-shelled
gastropod Melanoides tuberculata (Miiller)
(Greenwood, ’65; Hoogerhoud, '86). Eight
specimens, ranging from 65 to 86 mm SL,
raised in small and shallow ponds (250-525
m? surface, ~1 m deep) in an aquaculture
station in Northern Cameroon (Slootweg et
al., '93), were used as the soft food pheno-
type. These specimens belonged to filial gen-
erations from laboratory-reared animals, de-
riving from the Mwanza Gulf population. In
these ponds, they fed on benthic and/or pe-
lagic organisms and few or no (soft-shelled)
snails (Slootweg, pers. comm.).

Additional data were collected from prelimi-
nary investigations on three hard food (wild-
caught) specimens (75-98 mm SL) and three
soft food (laboratory-reared) specimens (73—
101 mm SL). All material was fixed in formal-
dehyde 4% and stored in alcohol 70% prior to
processing for ground sections.

In addition, one laboratory-reared speci-
men (41 mm SL), a descendent from the
Mwanza Gulf population, was used for the
preparation of serial semithin sections and
fixed accordingly in a mixture of 1.5% glutar-
aldehyde and 1.5% paraformaldehyde follow-
ing Sire (°85).

For the preparation of semithin sections,
the specimen was decalcified in EDTA (cf.
Sire, ’85), dehydrated, and embedded in epon.
Two wm sections were cut with a glass knife
and stained with toluidine blue.

For the preparation of ground sections, the
LPdJs were dissected free from the head and
manually cleaned from adhering soft tissues.
To enable localization of the ground sections,
dorsal views were drawn using a camera lu-
cida. Subsequently the LPJs were dehy-
drated and embedded in polyester resin
(Cronolita 2195 = Stratyl, Rhone-Poulenc).
After final hardening the blocks were serially
sectioned with a Leitz 1600-saw microtome
into slices of 150 + 15 um thick, perpendicu-
larly to the anteroposterior axis of the LPJ.
Each passage through the saw removes 300
pm of material; therefore the anterior sur-

- faces of subsequent sections were ~450 um
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Fig. 1. Astatoreochromis alluaudi. Dorsal and lateral
views of the LPJ of similar-sized specimens belonging to
the two phenotypes (A = hard food; B = soft food; both
86 mm SL). In the lateral views the teeth are omitted.

apart. One specimen of each phenotype was
kept for vertical longitudinal (parasagittal)
and horizontal longitudinal (frontal) sections
after splitting the LPJ into its two symmetri-
cal halves. The ground sections were next
microradiographed (10 mA, 30 kV, 30 cm
from the source, exposure time 25 min) using
a Kodak S0O-343 high resolution film. Photo-
graphs of the microradiographs were taken
on a Reichert Polyvar microscope using an
Agfapan APX 25 ASA black and white film.
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Hatched area indicates the region selected for study.
Arrows indicate the level of the microradiographs pre-
sented in Figure 2. Ant, anterior; h, horn; k, keel; Post,
posterior; s, suture. Bar = 5 mm.

Of each LPJ, four to nine sections (depend-
ing on the anteroposterior LPJ length) were
selected in the region covering the three pos-
teriormost (molariform) teeth along the su-
ture (Fig. 1); here the crushing forces are
assumed to be the highest. The region cov-
ered by these sections represented 30 = 5%
of the anteroposterior length of the LPJ
(lower pharyngeal element length, LPL, of
Barel et al., ’77). All measurements pre-
sented here concern that particular selected
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part of the LPJ only. Since preliminary mea-
surements on sections of three hard and three
soft food specimens had failed to show any
significant differences in area measurements
between left and right jaw half, only the left
half of a jaw was measured.

Images of the microradiographs of the se-
lected sections were recorded using a CCD
video camera Hamamatsu C3077, grabbed by
a Neotech Image Grabber NUBus board and
stored on the hard disk of a MacIntosh FX
computer. Histomorphometric data (lengths,
areas of structural units, and areas of bone
(vs. voids) within each unit) were collected
with the help of a Wacom digitizing tablet,
using a software package for image analysis
(Optilab 2, Graftek). Four structural units
were distinguished according to their localiza-
tion within the jaw half (the three sides of a
triangle plus its center) and because they
represent morphological entities: the dentig-
erous plate dorsally, the sutural plate medi-
ally, the cortical plate ventrally, and the med-
ullary cavity centrally (Figs. 2A,B). The
following 15 measurements were taken on
each section: (1) Three linear measurements:
width of the dorsal surface of one LPJ half,
length of its cortical plate (CP) and height at
the suture (SP) (Fig. 2A,B). For each indi-
vidual the mean was calculated, yielding the
following three variables, respectively: LPJ
width, CP length, and SP height. It should be
noted that “LPJ width’’ should not be con-
founded with ‘lower pharyngeal element
width” (LPW), defined by Barel et al. ("77) as
the distance between the caudal tips of the
horns. (2) Six area measurements: surface of
one-half of the LPJ (LPJ), surface of its three
bony units (dentigerous, sutural and cortical
plates) taken together (DP + SP + CP) and

Fig. 2. Astatoreochromis alluaudi. Microradiographs
of transverse ground sections (viewed from the back)
through the LPJ of a hard food (A) and a soft food (B)
specimen at the level indicated in Figure 1. CP, ventral
cortical plate; DP, dorsal dentigerous plate with attach-
ment bone (ab) and cancellous bone (cb) and supporting
functional teeth (ft); MC, medullary cavity subdivided by
bone trabeculae (mt) and containing replacement teeth
(rt) in various stages of development; SP, medial sutural
plate. A-B = LPJ width (between asterisks); A-C =
cortical plate length (between asterisks); B-C = sutural
height (between asterisks). Results of image analysis of
the left half of the sections presented in A and B are
represented in C (hard food) and D (soft food). Black
represents mineralized areas retained after input of a
treshold value. Dotted lines in C and D delimit the four
structural units (DP, SP, CP, and MC) distinguished in A
and B. Bar = 1 mm.

considered separately (DP, SP, CP), and sur-
face of the medullary cavity (MC). These
surface measurements were summed for each
individual and transformed to a volume (vol.)
by taking 450 um as the mean section thick-
ness. This yielded the following variables:
LPJ vol., DP + SP + CP vol., DP vol., SP vol.,
CP vol. and MC vol. (3) Six area measure-
ments: surface of the bone in the same six
morphological entities as defined in (2). Bone
surfaces were measured after a threshold
value was determined at a fixed number above
mean background darkness (Fig. 2C,D). Sur-
face measurements of the bone (vs. voids)
were again summed for each individual but
not transformed to a volume, because of the
somewhat unpredictable shape of the bone.
This yielded the following variables: LPJ
bone, DP + SP + CP bone, DP bone, SP
bone, CP bone, and MC bone.

Statistical analysis

Linear regressions on standard length were
calculated along with their statistics (r2, F-
statistic, and associated probability) for the
two diets and the 15 variables described
above. To be able to compare regressions of
the two diets, 95% confidence limits were
calculated on intercept and slope of each indi-
vidual regression. Furthermore, the point of
intersection for each pair of regressions was
calculated in the case of nonparallel slopes.
Whenever a preliminary analysis of variance
showed nonsignificant interaction between
diet and standard length, and thus homogene-
ity of slopes, a more powerful analysis of
covariance (ANCOVA, Sokal and Rohlf, ’81)
was conducted. In these analyses, we evalu-
ated the effect of diet (i.e., category) on the
variable considered while taking into account
the effect of fish size (standard length thus
being the covariate).

Preliminary ANCOVA'’s were run taking
all &N = 117) separate measurements as in-
dependent observations. Although this con-
servative approach raised the non-explained
variance by introducing error, the high num-
ber of observations was such that the error
mean square became smaller and that the
probability level of the F-statistic dropped.
Therefore, and because measurements within
one individual are not truly independent,
measurements, both for regression analysis
and ANCOVA, were grouped for each indi-
vidual, as described above (i.e., as mean, as
volume, or as summed bone surface).

All statistics were calculated using the SY-
STAT (version 5.0) statistical package
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Fig. 3. Microradiograph of transverse ground section
through the LPJ of a hard food specimen of Astatoreo-
chromis alluaudi (101 mm SL). Detail of the dentigerous
plate with cylinders of attachment bone (ab) intercon-
nected by cancellous bone (ch). ft, functional tooth; MC,
medullary cavity. Bar = 500 pm.

Fig. 4. Microradiograph of transverse ground section
through the LPJ of a hard food specimen of Astatoreo-
chromis alluaudi (85 mm SL). Detail of the suture (s)
between the two LPJ halves. On one side, the dorsal part
of the sutural plate (SP) has been resorbed (arrow). ab,
attachment bone within the dentigerous plate; CP, corti-
cal plate; MC, medullary cavity; rt, replacement tooth
migrating toward its functional position. Bar = 500 pm.

Fig. 5. Microradiographs of transverse ground sec-
tions through the LPJ of Astatoreochromis alluaudi.
Detail showing the bone organization of the cortical plate
(CP) in a hard food specimen (A, 101 mm SL) compared
to a soft food specimen (B, 80.5 mm SL). In hard food
specimens the cortical plate has a distinct inner (il) and
outer (ol) layer. Note the reasonable agreement in size of
the outer layer in A and the entire cortical plate in B,
taking into account the much smaller standard length of
the soft food specimen. MC, medullary cavity. Bar = 500
pm.

Fig. 6. Microradiograph of transverse ground section
through the LPJ of a hard food specimen of Astatoreo-
chromis alluaudi (101 mm SL). Detail showing the struc-
ture of the horn (h). Bar = 500 pm.
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Fig. 7. Micrograph of a transverse semithin (2 pm)
section through the LPJ of a soft food specimen of
Astatoreochromis elluaudi (41 mm SL). Only part of the
medullary cavity (MC) is visible. Note mesenchymal cells
(mc), capillaries (ca) and larger blood vessels (bv), nerves
(n), and a fat cell (), all surrounding a replacement tooth
germ. The latter consists of a core of dentine (d) capping
the mesenchymal dental papilla (dp) and surrounded by
the inner (ide) and outer {(ode) dental epithelium. CP,
cortical plate; DP, dentigerous plate; MC, medullary cav-
ity; ob, osteoblasts; oc, osteoclast. Bar = 100 pm.

(Wilkinson, ’90), or were derived from these
results following Wonacott and Wonacott
C77.

RESULTS
General description

In a dorsal view the LPd in each of the two
phenotypes has a triangular outline, promi-
nent horns for the attachment of muscles,
and a large dentigerous area containing nu-
merous teeth of variable shape, ranging from
thin and pointed to large and molariform
(Fig. 1A,B). At similar standard length, the
LPJ of hard food specimens differs from that
of soft food specimens by its much greater
depth, its greater anteroposterior length, less
concave lateral sides and a conspicuous con-
vex posterior border, and by the presence of
less pointed and more molariform teeth along
with a larger size of the latter. In both pheno-

types, the largest teeth are found in the pos-
terior half of the LPJ and are concentrated
along the suture (Fig. 1A,B).

On microradiographs of ground transverse
sections, taken in the dentigerous region, the
LPJ is seen to be composed of two juxta-
posed, more or less symmetrical halves, each
of which has a roughly triangular outline
(Fig. 2A,B). Whatever the phenotype, or the
size of the animal, or the localization in the
dentigerous region, the same four structural
units can always be recognized in each half:
i.e., dentigerous, sutural and cortical plates,
and medullary cavity.

The dentigerous plate, which supports the
functional teeth, is composed of two types of
bone tissue, which are easily distinguishable
(Fig. 3). Well-mineralized pillars represent
sections through cylinders of compact bone
which serve for the attachment of the func-
tional teeth (i.e., attachment bone). Less min-
eralized cancellous bone interconnects these
cylinders. Large voids are sometimes present
in the dentigerous plate, representing areas
of resorption linked to tooth replacement
(Fig. 4). Dorsally the dentigerous plate may
have a crenelated surface in relation to the
level where new cylinders of attachment bone
were fixed (Fig. 2A,B). This is especially pro-
nounced in hard food specimens. The ventral
lining of the dentigerous plate has a wavy
appearance, due to the presence of resorption
areas in relation to growing replacement
teeth. Resorption acts on both the compact
attachment bone and interconnecting cancel-
lous bone. At the posterior end of the LPJ in
hard food specimens, the dentigerous plate
bears no functional teeth although tooth
germs are present in the medullary cavity
below.

The sutural plate is composed of compact
bone but the outline facing the medullary
cavity is fairly irregular. The medial surfaces
of the sutural plates of both LPJ halves are
closely adjoined, although not fused. The up-
per part of the sutural plates is often re-
sorbed and subsequently replaced by cancel-
lous bone in relation to tooth renewal adjacent
to the suture (Figs. 2B, 4).

The cortical plate in hard food specimens
appears to be composed of two superimposed
layers of distinct structure (Fig. 5A). An in-
ner layer lining the medullary cavity consists
of a loose meshwork of cancellous bone. Its
medullary surface is subjected to resorption
linked to replacement tooth formation. An
outer layer is composed of vertical regularly
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Figures 8-9
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Fig. 10. Schematical drawing of a transverse section
of the LPJ of a hard food specimen of Astatoreochromis
alluaudi showing the preferential orientation of the at-
tachment bone (ab), the medullary trabeculae (mt), and
the trabeculae within the cortical plate (ct). Thick arrows
indicate the orientation of the attachment bone of the

spaced thin trabeculae (in average ~50 pm
thick), interconnected by thinner perpendicu-
lar lamellae. The general picture of the outer
layer is that of an oriented cancellous, al-
though slightly porous, meshwork. In soft
food specimens the inner layer is weakly, if at
all, developed (Fig. 5B). Apart from this differ-

Fig. 8. Horizontal longitudinal (frontal) section
through one-half of the LPJ in a hard food specimen (75
mm SL) of Astatoreochromis alluaudi. The section is at
the level of the medullary cavity (MC). Continuous bony
trabeculae (mt) delimit 6 roughly cylindrical erypts in
which replacement teeth (rt) develop. Note the trabecu-
lar orientation within the cortical plate (CP). Ant, ante-
rior; s, suture. Bar = 1 mm.

Fig. 9. Vertical longitudinal (parasagittal) sections
through the LPJ of a hard food (A) and a soft food (B)
specimen of Astatoreochromis alluaudi (75 and 76.5 mm
SL, respectively). The sections are close to the suture. In
B the medullary cavity (MC) does not show trabeculae
but an ill-defined cancellous meshwork (*) close to the
cortical plate (CP). Note the trabecular orientation within
the cortical plate in both specimens. Ant, anterior; DP,
dentigerous plate; ft, functional tooth; mt, medullary
trabecula; Post, posterior; rt, replacement tooth. Bar = 1
mm.

medial tooth and of the cortical trabeculae at the level of
a and a’'; thin arrows indicate the orientation of medul-
lary and cortical trabeculae at the level of b and b’;
arrowheads indicate the orientation of the cortical tra-
beculae at the level of cand ¢'. Bar = 1 mm.

ence, the structural organization of the corti-
cal plate is similar throughout the examined
dentigerous regions. The ventral side of the
cortical plate is fairly smooth throughout the
length of the LPJ. The horn lies in the prolon-
gation of the outer layer and shows the same
organization, aithough its surface is highly
compact (Fig. 6).

The medullary cavity is filled with a loose
meshwork of cellular elements, mostly stel-
late mesenchymal cells, and contains small
capillaries, larger blood vessels, nerves, and
fat cells (Fig. 7). Osteoblasts and osteoclasts
surround sparse bone. Despite the non-hae-
matopoietic nature of the tissue, the term
“medullary’’ was found suitable as a general
term to indicate a central cavity within a
bony element (cf. Leeson and Leeson, '76).
Especially in hard food specimens, the bone
within the medullary cavity takes the form of
large bony trabeculae (~250-500 pm thick),
which are found throughout the length of the
LPJ (Fig. 2A). They connect the cortical plate
to the dentigerous plate, where they origi-
nate at the basis of two adjacent cylinders of
attachment bone (Fig. 2A). The trabeculae
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TABLE 1. Results of linear regression analyses on standard length for all 15 variables and for hard and soft food
specimens of Astatoreochromis alluaudi (upper and lower part of table, respectively)!

Variable

A

cl(A)

B

cl(B)

2

F p
LPJ width —-0.66 1.39 0.06 0.02 0.89 6145 0.000
CP length —-0.69 1.84 0.07 0.02 0.86 50.99 0.000
SP height -0.94 1.04 0.05 0.01 0.91 76.42 0.000
LPJ vol. —51.66 16.14 1.03 021 0.94 128.72 0.000
DP + SP + CP vol. —36.13 11.66 0.70 0.15 0.94 114.69 0.000
MC vol. —-15.53 7.28 0.33 0.09 0.89 63.93 0.000
DP vol. -8.85 3.32 0.18 0.04 0.92 94.77 0.000
SP vol. —-5.05 2.82 0.10 0.04 0.82 35.74 0.000
CP vol. -22.23 7.32 0.42 0.09 0.93 106.82 0.000
LPJ bone —71.64 30.67 1.37 0.40 0.89 63.41 0.000
DP + SP + CP bone —64.32 28.44 1.23 0.37 0.88 59.29 0.000
MC bone -7.32 3.72 0.14 0.05 0.85 46.14 0.000
DP bone —-12.40 8.14 0.26 0.11 0.81 32.77 0.000
SP bone -9.72 5.90 0.18 0.08 0.79 29.14 0.001
CP bone —42.20 18.87 0.79 0.24 0.87 55.49 0.000
LPJ width -0.31 1.54 0.05 0.02 0.87 33.33 0.002
CP length -0.14 1.39 0.05 0.02 0.91 50.70 0.001
SP height 0.62 1.39 0.02 0.02 0.60 7.54 0.040
LPJ vol. —-15.65 7.78 0.38 0.10 0.95 87.34 0.000
DP + SP + CP vol. —10.68 4.65 0.24 0.06 0.95 95.25 0.000
MC vol. ~4.97 5.31 0.14 0.07 0.84 26.55 0.004
DP vol. -3.40 2.49 0.09 0.03 0.90 43.29 0.001
SP vol. -0.40 0.76 0.02 0.01 0.77 16.42 0.010
CP vol. —6.87 1.98 0.14 0.03 0.97 170.97 0.000
LPJ bone —21.09 14.68 0.45 0.20 0.87 33.85 0.002
DP + SP + CP bone ~19.48 12.61 0.40 0.17 0.88 37.73 0.002
MC bone -1.61 2.67 0.04 0.04 0.64 895 0.030
DP bone —6.00 6.50 0.14 0.09 0.77 16.61 0.010
SP bone —-0.65 2.07 0.03 0.03 0.53 5.73 0.060
CP bone ~12.82 497 0.24 0.07 0.95 85.66 0.000

Indicated are intercept (A), slope (B), confidence limits (cl) on intercept and slope, coefficient of determination (r?), F-statistic and
associated probability. The variables are: width of the dorsal surface of one LPJ half (LPJ width); length of its cortical plate (CP length);
height at the suture (SP height); volume (vol.) and summed bone surface (bone) of respectively one LPJ half in the selected region (LPJ),
and of its structural units, taken together (DP + SP + CP), and considered separately (MC, DP, SP, CP). MC, medullary cavity; DP,
dentigerous plate; SP, sutural plate; CP, cortical plate.

widen at their points of attachment to the
cortical plate. The replacement teeth form
between adjacent trabeculae amidst the cellu-
lar elements mentioned above (Figs. 24, 7,
8). The presence of these tooth germs most
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likely induces resorption of parts of the tra-
beculae, hence their often irregular shape.
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Fig.11. Astatoreochromis alluaudi. Graphs represent-
ing the mean, per individual, of (A) width of the dorsal
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TABLE 2. ANCOVA-results of the following three dependent vartiables: width of the dorsal surface of one LPJ half
(LPJ width); length of its cortical plate (CP length); height at the suture (SP height) in Astatoreochromis alluaudi!

Dependent variables Source of variation Sum of squares DF Mean square F ratio P
Diet 2.35 1 2.35 29.77 0.000
LPJ width SL 7.56 1 7.56 95.69 0.000
Error 1.11 14 0.08
Diet 4.94 1 4.94 37.98 0.000
CP length SL 10.68 1 10.68 82.05 0.000
Error 1.82 14 0.13
Diet 2.27 1 2.27 31.89 0.000
SP height SL 4.34 1 4.34 60.98 0.000
Error 1.00 14 0.07

1Category: diet; covariate: SL, standard length.

medullary cavity in transverse sections (Fig.
2A) are continuous with one another and
with the cortical and sutural plates. They
delimit more or less cylindrical crypts in
which the replacement teeth develop. Verti-
cal longitudinal (i.e., parasagittal) sections of
similar-size specimens show a greater depth
of the LPJ and a thicker cortical plate (at
least in its posterior third part) in hard (Fig.
9A) than in soft food (Fig. 9B) specimens.

In transverse sections, the trabeculae
within three of the structural units described
above (dentigerous and cortical plates and
medullary cavity) show a similar orientation
(Figs. 2A,B, 10). The attachment bone in the
dentigerous plate, the trabeculae in the outer
layer of the cortical plate, and the large tra-
beculae in the medullary cavity are all ori-
ented radially with the axes intersectingin a
region located above the suture between left
and right half of the LPJ (Fig. 10). In frontal
(Fig. 8) and in sagittal sections (Fig. 9A,B),
cortical trabeculae are oriented predomi-

nantly toward a region located approximately
in front of the caudal tooth row.

Comparison between the two phenotypes

The linear regressions, calculated for each
of the 15 variables, and for hard and soft food
specimens, are all statistically highly signifi-
cant (Table 1), the only exception being the
summed bone surface of the sutural plate of
soft food specimens, for which the regression
nevertheless is nearly significant.

When comparing the two phenotypes, it is
clear that hard food specimens have a wider
LPJ surface and greater cortical plate length
as well as a higher suture for comparable fish
sizes (Fig. 11). Because in all three cases
neither the slope nor the intercept is signifi-
cantly different between the two regressions
(Table 1), ANCOVA’s were run. The results
show that, compensating for fish size, the
observed variation in each of the three mea-
surements is highly significantly influenced
by diet (Table 2).

TABLE 3. Volumes (vol., in mm?3) of one-half of the LPJ (i.e., of the region selected in this study) and of its four
structural units in hard (n = 10) and soft food (n = 7) specimens of Astatoreochromis alluaudi!

SL LPJ vol. total DP + SP + CP vol. MC vol. DP vol. SP vol. CP vol.

(mm) N (mm?) (mm?) (mm?3) (mm?) (mm?) (mm?)
53.0 4 3.92 2.59 1.33 1.05 0.35 1.19
60.0 6 12.18 7.91 4.27 2.75 0.96 4.19
69.0 6 15.17 8.93 6.24 2.82 1.04 5.08
71.5 7 19.49 12.42 7.07 3.72 1.56 7.14
75.0 8 28.57 18.14 10.43 5.04 2.70 10.40
77.0 7 27.72 16.51 11.21 4.99 2.19 9.34
85.0 8 27.68 18.87 8.80 5.00 2.12 11.76
85.0 8 38.09 26.01 12.07 6.72 2.48 16.82
86.5 9 38.52 23.47 15.04 7.43 2.63 13.41

101.0 9 54.41 37.30 17.10 10.14 5.65 21.51
65.0 6 9.26 5.23 4.02 2.44 0.65 2.14
66.0 6 8.33 4.59 3.74 211 0.67 1.81
66.0 6 10.62 5.20 5.42 2.33 0.74 2.12
71.0 6 10.64 5.54 5.10 2.30 0.64 2.61
80.5 7 13.94 7.66 6.28 3.23 0.78 3.65
85.0 7 17.19 9.51 7.67 3.73 1.08 4.71
86.0 7 17.04 10.15 6.89 4.29 0.98 4.88

IN, number of sections corresponding to selected region of LPJ; SL, standard length in mm. Abbreviations as in Table 1.
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Fig. 12. Astatoreochromis alluaud:. Graphs represent-
ing the volume of the different structural units (in mm?)
plotted against standard length (SL, in mm) in hard (H)
and in soft (A) food specimens (linear regression lines

Table 3 presents the volumes of one-half of
the LPJ (that is, of the region selected for
this study), of its three bony units (either
taken together or considered separately) and
of the medullary cavity, for specimens of
both phenotypes. All associated regressions
show a significant difference in slope between
the two diets (Table 1). It is therefore clear
that the selected region of one LPJ half (Fig.
12A) as well as all of its four structural units
(Fig. 12C-F) increase in volume to a much
larger extent in hard than in soft food speci-
mens. This difference is also obvious when
the absolute values of the volumes of the four
structural units are presented as stacked-bar
diagrams (Fig. 13A). When the volumes are
expressed as relative contributions to the
LPJ volume the differences between hard
and soft food specimens are less pronounced,
although the cortical plate appears to be rela-
tively more important in hard food speci-
mens, at the expense of the medullary cavity
(Fig. 13B).

Image analysis of the microradiographs af-
ter input of the threshold value shows the
bone that is retained for area measurements

added). A, LPJ, one LPJ half in the selected region; B,
bony units taken together (DP, dentigerous plate; SP,
sutural plate; CP, cortical plate); C, MC, medullary cav-
ity; D=F bony units separately, as abbreviated in B.

(Fig. 2C,D). Table 4 summarizes these mea-
surements for the different structural units.
In addition, the bone areas are calculated as a
percentage of the surface of the correspond-
ing unit (= bone volume fraction, i.e., the
complement of porosity, cf. Martin, ’91).
From the graphs of Figure 14, it is clear that
the results are very similar to those obtained
for the entire structural unit (cf. Fig. 12). All
regressions are significantly different in slope
between soft and hard food specimens, except
for the dentigerous plate. The ANCOVA run
for this particular case nevertheless also
shows a highly significant effect of diet. This
means that both in the entire LPJ (that is,
the region selected for this study) (Fig. 14A)
and in each of its individual units (Figs. 13C,
14C-F) the summed bone areas increase to a
much larger extent in hard than in soft food
specimens. However, when represented as
bone volume fractions there are no eye-
striking differences between hard and soft
food specimens (Fig. 15).

The point of intersection for each pair of
regression lines (Figs. 12, 14) liesat ~55 mm
SL (Table 5).
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Fig. 13. Astatoreochromis alluaudi. A,B: Stacked-
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TABLE 4. Astatoreochromis alluaudi. Summed bone surfaces (in mm?) in one-half of the LPdJ (i.e., of the region
selected) and of the same units as in Table 3. The right four columns represent bone volume fractions for each of the
four structural units.

LPJ bone DP + SP + CP

SL total bone MC bone DP bone SPbone CP bone DP bone SP bone CPbone MC bone
(mm) N (mm? (mm?) (mm?  (mm?) (mm?) (mm?) (%) (%) (%) (%)
53.0 4 5.25 4.75 0.50 1.95 0.57 2.23 83.69 74.03 84.15 16.89
60.0 6 16.11 14.81 1.30 4.36 1.80 8.65 71.36 84.11 92 81 13.70
69.0 6 11.91 10.32 1.59 3.34 1.48 5.50 53.35 64.35 48.72 11.47
715 7 25.04 22.86 2.18 6.45 2.75 13.66 78.09 79.48 86.07 13.87
75.0 8 37.58 33.47 4.11 8.90 5.07 19.50 79.54 84.36 84.38 17.74
77.0 7  30.80 25.90 4.90 7.95 3.39 14.56 71.75 69.75 70.17 19.68
85.0 8 35.30 31.35 3.95 6.70 3.68 2097 60.36 78.13 80.25 20.19
850 8 47.04 42.48 4.56 7.80 4.86 29.82 52.24 88.20 79.80 17.00
86.5 9 42.57 38.75 3.82 11.90 4.55 22.30 72.12 77.78 74.81 11.43
1010 9 7554 67.78 7.76 15.69 10.63 41.46 69.64 84.63 86.74 20.42
65.0 6 9.74 8.30 1.44 3.80 1.12 3.38 69.98 77.78 71.01 16.11
66.0 6 8.51 7.45 1.06 3.20 1.13 3.12 68.38 75.84 77.42 12.74
66.0 6 7.97 7.04 0.93 3.08 1.20 2.76 59.46 72.73 58.47 7.72
71.0 6 8.57 7.23 1.34 2.74 0.87 3.62 53.73 61.27 62.52 11.82
80.5 7 12.77 11.39 1.38 4.62 1.11 5.66 64.35 63.79 69.88 9.89
85.0 7 16.68 14.93 1.75 5.44 1.80 7.69 65.70 75.31 73.45 10.26
86.0 7 19.17 16.78 2.39 6.80 1.65 8.33 71.35 75.69 76.85 15.61
DISCUSSION

This report gives one of the first descrip-
tions of the bone structure, at the histologi-
cal level, of the lower pharyngeal jaw in a
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teleost fish. Earlier, Meunier and Trébaol
(’87) described the structure of the lower
pharyngeal jaws in the tropical carangid fish
Trachinotus teraia. However, these are highly
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Fig. 14. Astatoreochromis alluaudi. Graphs representing summed bone areas in the different
structural units (in mm?) plotted against standard length (SL, in mm) in hard () and in soft
food (A) specimens (linear regression lines added). Abbreviations as in Figure 12.
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Fig. 15. Astatoreochromis alluaudi. Histogram of bone volume fractions (summed bone area
per unit as a % of the summed surface of that unit). \|, dentigerous plate; \\\'\, sutural plate;
black, cortical plate; white, medullary cavity. Standard lengths are expressed in mm.

modified elements with an edentulous sur-
face, which are made up throughout of vascu-
larized bone tissue in which teeth lie embed-
ded. Our study has been carried out from a
comparative perspective with the aim to char-
acterize the effect of different diets on the
bone structure at the intraspecific level. It is
therefore the first study that examines pha-

TABLE 5. Point of intersection (SL, standard length in
mm,) of the regressions for hard and soft food specimens
of Astatoreochromis alluaudi and for the twelve
variables for which the regressions were

significantly different’

Variable SL

LPJ vol. 55.66
DP + SP + CP vol. 54.96
MC vol. 57.39
DP vol. 56.77
SP vol. 58.75
CP vol. 53.13
LPJ bone 54.77
DP + SP + CP bone 54.49
MC bone 57.70
DP bone 52.02
SP bone 59.68
CP bone 53.60

!Abbreviations as in Table 1.

ryngeal jaw variability on a structural basis
rather than on mere size and shape character-
istics (e.g., Hoogerhoud, ’86; Kornfield, ’91).

Shape of the LPJ

The shape differences of the LPJ in the two
phenotypes, reported earlier by Greenwood
(’59) and Hoogerhoud (’84, ’86) and con-
firmed in this study, resemble those found in
other snail-eating cichlids known to be poly-
morphic in their pharyngeal jaws. In the
Mexican cichlid Cichlasoma minckleyi, the
LPJ in papilliform morphs is more delicate,
with a significantly narrower outline and
smaller horns than the molariform morph
(Kornfield and Taylor, '83). These morphs
are characterized by a certain degree of tro-
phic specialization, although not very pro-
nounced. Cichlasoma citrinellum shows simi-
lar differences between papilliform and
molariform morphs (Meyer, 90a). As in A.
alluaudi, the molariform (snail-eating)
morph has a clearly deeper LPJ seen from
the back than the papilliform morph. Since
some of these polymorphisms are believed to
be genetically determined (C. minckleyi,
Kornfield and Taylor, ’83; Kornfield, '91) and
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others to be at least partially (C. citrinellum,
Meyer, ’90b) or entirely (Astatoreochromis
alluaudi, Hoogerhoud, ’86) phenotypic, there
seems to be a striking correspondence be-
tween genetically determined pharyngeal jaw
polymorphism and phenotypic plasticity in
the pharyngeal jaws (Smits et al., pers.
comm.).

Bone structure of the LPJ

Because the terminology of bone structure
at all levels of organization has obviously
been conceived for describing mammalian
bone, we have only tentatively used these
terms to describe the bone structure of the
LPJin A. alluaudi, indicating the differences
when appropriate. The architecture of each
LPJ half, i.e., a triangle with two sides com-
posed of more or less cancellous bone inter-
connected by pillars and a third side consist-
ing of a more or less compact plate, is
unknown in mammals, and its mechanical
implications are as yet unclear.

The dentigerous plate has a compound
structure: the cylinders of attachment bone
through which the crushing forces are trans-
mitted are compact, whereas the interjacent
bone is cancellous, although with some pref-
erential orientation of the bone tissue proper.
This compound structure may be a compro-
mise to meet at least two conflicting func-
tional demands: the need to resist crushing
forces and the need to have a tissue which is
easily remodeled in view of the continuous
tooth renewal. According to Currey (’84),
cancellous bone of the more oriented type is
usually found just underneath loaded sur-
faces, particularly where the pattern of stress
is reasonably constant. Such oriented cancel-
lous bone, although of low porosity, is also
found in the outer layer of the cortical plate.
Although its trabeculae are oriented radially,
the collagen fibrils in these trabeculae as well
as the interconnecting lamellae are oriented
parallel to the ventral LPJ outline, in the
direction of the principal tensile stresses
(Huysseune and Sire, unpub. obs.). Indeed,
given the fact that the major crushing muscles
insert on the horns (Hoogerhoud, ’86) and
assuming that the prey is crushed close to
the suture, in the region of the LPJ where
the teeth are stoutest, it is likely that the
cortical plate will be subjected to bending.
The mechanical significance of an inner,
rather unorganized looking, cancellous layer
in the cortical plate, especially in hard food
specimens, is obscure but may have to do
with energy absorption, considering the fact

that the medullary trabeculae are anchored
within this layer.

Clearly, the tooth directions (except for the
most lateral teeth) on the LPdJ of A. alluaudi
of both phenotypes, and the directions of the
trabeculae in dentigerous plate, medullary
cavity, and cortical plate, all converge toward
the medial plane close to the posteriormost
functional tooth row. Considering the fact
that trabecular organization is almost cer-
tainly related to the directions of principal
stresses (Currey, '84), the trabecular orienta-
tions in the LPJ of Astatoreochromis allu-
audi may well reflect the direction of major
compressive forces, transmitted from a re-
gion that is thus considered to be the prefer-
ential position for the prey to be crushed. For
the zooplanktivore Haplochromis piceatus,
Galis ('92) found a good agreement between
tooth directions on the LPJ along an antero-
posterior axis and best biting direction as
calculated from a model (i.e., the direction for
which the total muscular forces necessary to
generate the biting force is minimal).

Effect of diet on jaw architecture

Even when taking into account the differ-
ences in fish size in the two samples used,
diet has a profound effect upon the size of the
LPJ, whether linear measurements are taken
or volumes of structural units are consid-
ered. The studied region of the jaw grows to a
considerably larger size and volume in hard
than in soft food specimens. Earlier findings
by Hoogerhoud (’86) suggest that the growth
trajectories are not distinct from the outset.
Hoogerhoud (’86) indeed found a switch in
keel depth and horn width, which occurred at
the time of a switch in prey type, i.e., ~40
mm SL. The regressions for the two pharyn-
geal jaw forms obtained in the present study
and the intermediate position of the small
(63 mm SL), be it single, hard food specimen,
support the idea that an ontogenetic switch
is responsible for the separation of initially
identical fish, which would occur at ~55 mm
SL. The differences between Hoogerhoud’s
observations and ours as to the fish size at
which a possible switch occurs may be ex-
plained by: (1) the different sample size (that
of Hoogerhoud being larger); (2) the different
way in which the switch point is determined,
with Hoogerhoud’s finding being based on
Lake Victoria specimens only (small tank-
reared and larger wild-caught specimens),
the moment of switch of LPJ shape possibly
depends on the moment of switch to suitable
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hard prey; the switch point we have deter-
mined depends on the point of intersection of
the two regressions, and therefore on the life
conditions in the hard as well as in the soft
food specimens; and (3) rates of bone growth
and/or remodeling may be differential in dif-
ferent regions of the LPJ. Indeed, keel and
horn both serve as insertion areas for the
major crushing muscles and are therefore
subjected to direct muscular activity, whereas
the region of the LPJ that we have measured
has primarily a function in resisting compres-
sive crushing forces.

The regression slopes of the unit volumes
(Fig. 12) and their relative contributions to
the LPJ volume (Fig. 13B) show that all of
the four structural units contribute to the
volume increase of the LPJ in hard versus
soft food specimens, rather than one unit
becoming predominant. How do these find-
ings fit in with the profound external shape
differences that exist between the two pheno-
types? First, these differences are largely de-
termined by an outgrowth of the keel, the
development of prominent horns, and the
formation of a convex posterior border in
hard food specimens, all of which changes
have not (or only partially) been quantified
here. However, even in the posterior third of
the LPdJ (i.e., the region studied here), the
LPJ is obviously deeper in hard food speci-
mens (cf. Figs. 1, 2A,B). This is reflected in
the fact that the difference in regression
slopes for the two diets is nearly significant
as to sutural height, but not as to LPJ width
or cortical length. This is easily explained by
the triangular shape of each LPJ half on
cross section: increasing sutural height (i.e.,
deepening of the LPJ) can be realized with-
out affecting the length of the two other sides
to the same extent. Deepening of the LPJ is
clearly reflected in the considerable volume
increase of the sutural plate (Fig. 12E) com-
pared to that of the dentigerous plate and
medullary cavity (Fig. 12C,D)). The consider-
able deepening of the LPdJ is probably largely
realized by a more important development of
the cortical plate in hard food specimens (Figs.
12F, 13B), partly at the expense of the medul-
lary cavity. We should mention, however,
that cortical plate volume in soft food speci-
mens may possibly be underestimated. In-
deed, an ill-defined meshwork, which may
have been the forerunner of the inner corti-
cal layer found in hard food specimens, was
not incorporated into the unit ““cortical plate”
but considered sparse medullary bone.

It is perhaps surprising to find that the
amount of bone in each of the structural
units keeps pace with the volume increase of
that unit, i.e., that there are no substantial
changes in porosity of the bone, whence the
rather similar bone volume fractions in soft
and hard food specimens. The discrepancy
between the lack of clearly demonstrable dif-
ferences in medullary cavity bone volume
fraction between the two phenotypes, on the
one hand, and the obvious presence of dis-
tinct medullary trabeculae in hard but not in
soft food specimens, on the other hand, may
be due, again, to the way in which the medul-
lary and cortical units were delimited. In-
deed, the ill-defined meshwork of cancellous
bone in soft food specimens (cf. above) was in
fact included in the medullary component.
Yet, the presence of medullary trabeculae
can be interpreted in terms of consolidation
of the medullary cavity, preventing it from
collapsing when compressive forces are ex-
erted due to crushing hard food particles.
Moreover, the widened attachment of the
medullary trabeculae to the dentigerous and
cortical plates, as well as their localization
below the cylinders of attachment bone, per-
mit the stresses to be transmitted to a large
area of the cortical plate.

Growth and phenotypic interchangeability
of the LPJ

The present study has been conducted to
compare functionally similar regions of the
LPJ. However, these regions are not necessar-
ily exactly superimposable in hard and soft
food specimens: the larger size of this region
in hard food specimens may result from mere
expansion (internal resorption and external
deposition), but most likely also from extra
bone having been added posteriorly (cf. the
excurved posterior outline of the LPJ in hard
food specimens).

Provided that hypertrophy of the LPJ
largely results from accelerated growth (cf.
Witte et al., ’90), as our data suggest, and
disregarding the constructional constraints
that accommodating a larger LPJ imposes on
the entire head (cf. Barel et al., ’89), one is
inclined to think that it would be easy for a
soft food specimen to “switch” to a hard food
phenotype according to changing demands.
This is further supported by our histological
findings (A.H., unpub. obs.): adjustment of
LPJ phenotype could easily result from accel-
erated resorption and/or addition of new bone
along the inside of the cortical plate, and
accelerated deposition along its outside along
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with formation of trabeculae in the medul-
lary cavity. For histological reasons (A.H.,
unpub. obs.), the reverse phenomenon (re-
sorption taking place at the outside of the
cortical plate) seems to be more difficult so
that we expect it to be unlikely for a hypertro-
phied LPJ to become, in absolute terms, a
smaller and more slender jaw. The outer size
and shape are expected not to change much
anymore, although the bony components may
become thinner. Therefore, we predict that
the growth trajectory of hard food specimens
can, at the most, become horizontal (cf. Witte
et al., ’90) and that, unless the switch ‘“‘back”
is early and unless soft food specimens grow
to a very large size, the hard food phenotype
cannot converge upon the soft food pheno-
type, except perhaps for the dentition. Pre-
liminary investigations on two wild-caught
specimens (75 and 102 mm SL) fed a soft diet
for 6 months seem to confirm this hypoth-
esis. It is interesting at this point to note that
Meyer (’87) in his lab-reared Cichlasoma
managuense found convergence of obtusoros-
tral to acutorostral head shape, but not the
reverse. In the case of C. managuense, obtu-
sorostral head shape was correlated with flake
food and acutorostral with Artemia as prey
item (Meyer, '87).

Morphogenetic mechanism behind

The changes in LPJ size, shape, and struc-
ture once the animal gets on the hard food
trajectory are accompanied by changes in the
dentition (Hoogerhoud, ’84, ’86; Huysseune,
unpub. obs.). As tooth formation takes place
within the medullary cavity of the jaw, the
obvious question is whether dentition and
bone change synchronously or one precedes
the other. In the latter case, are the two
causally linked (e.g., do the dentigerous and
cortical plates grow apart as a result of pres-
sure exerted by larger tooth germs?) or are
both the change in bone and tooth form the
mere result of a common signal? Clearly, we
must await detailed information on the re-
placement process and the shape and size of
replacement teeth in subsequent tooth gen-
erations before these questions can be an-
swered. Hoogerhoud (’86) has earlier sug-
gested that it is the crushing activity of the
pharyngeal jaw apparatus and the resulting
pressure on the bone, which may be respon-
sible for differences in LPJ development.
Since the higher loads imposed on the func-
tional teeth when the fish crushes hard snails
are most likely transmitted to the medullary
cavity via the cylinders of attachment bone, a

hypothesis on how such a signal may act may
be that the stresses are captured by the mes-
enchyme of the medullary cavity. This mesen-
chyme provides the source for osteoblastic
cells that can deposit the medullary trabecu-
lae as well as the cancellous bone of the
cortical plate. This mesenchyme most likely
also provides the dental papilla cells that
participate in replacement tooth formation.
Moreover, the medullary cavity also houses
capillaries that can deliver the precursors for
the osteoclasts. Osteoblasts and osteoclasts
govern the process of bone remodeling
(Lanyon and Rubin, ’85; Marks and Popoff,
’88; Vaes, '88; Carter et al., ’91) and dental
papilla cells are known to instruct the dental
epithelium to fold into a particular tooth
shape (Kollar, '81).
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