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Abstract

Among the skeletal elements in fishes, the urohyal bone which lies in the lower part of the head - the central part of the mandibular
skeleton- has proved to be of special significance in fish systematics. In the present study, the urohyal bones of six brackish water
Aphanius species (i.e., Aphanius hormuzensis, A. stoliczkanus, A. furcatus, A. ginaonis, A. mento, A. sirhani) were compared using
morphological description and linear measurements to explore the effectiveness of this structure in the separation of the studied
Aphanius species. The description of the urohyal bones and their morphological variations allowed identification of 4. furcatus,
A. mento and A. sirhani from their relatives. Moreover, the urohyal height/urohyal length (UH.UL) significantly separated A. hor-
muzensis from A. ginaonis, and the maximum height/urohyal length (MH.UL) significantly discriminated 4. mento from its rela-
tives. Discriminant function analysis (DFA) separated the studied species with high classification success (overall mean 94.7%).
These results showed the power of urohyal bone morphology in separating the Aphanius species analyzed, and highlighted the
taxonomic value of the urohyal bone. The observed variation in the urohyal bone of Aphanius species is largely consistent with
their phylogeny. This designated that at least some morphological features of the urohyal bone in Aphanius are probably encoded
by genetic factors, which can be further used for species discrimination.

Keywords: Hard structures; Morphology; Aphaniidae; Taxonomy; Multivariate analysis.

Introduction

The urohyal bone is a single bony structure located
in the ventral part of the head in fishes and formed as
ossification of an unpaired tendon of the sternohyoide-
us muscle (Arratia & Schultze, 1990). Its anterior tip is
generally connected to the ventral hypohyal, the antero-
dorsal part to the first basibranchial and the posterior part
is connected to the shoulder girdle by a large muscle (Ku-
saka, 1974) (Fig. 1). Among the osteological elements of
the teleostean fish, the urohyal bone has proved to be of
exceptional significance in fish systematics (Yazdani &
Prakash, 1990).

The urohyal attachment to the hypohyal is commonly
thickened and sometimes forked to allow the connections
of a paired ligament to the ventral hypohyals (Yazdani &
Prakash, 1990). Therefore, this bone plays an important
role in the mouth opening-closing mechanism of a fish.

The most extensive work on urohyal bone has been
done by Kusaka (1974) in which different groups of fish-
es were classified according to the variations in their uro-
hyal bone morphology. He demonstrated a relationship
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between the fish morphology and its biological behaviors
with the shape of their urohyal bone. He eventually con-
cluded that the fishes with slender heads have elongated
urohyals, the high-bodied fishes have vertically expand-
ed urohyals, the active swimmer fishes have spatula-like
shaped urohyals with an undeveloped ventral spread, and
the omnivorous fishes have urohyals with a developed
ventral spread.

Fig. 1: Position of the urohyal bone in the oral cavity of an
Aphanius. The photo is 4. ginaonis from Wildekamp (1993).
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The urohyal bone is considered as synapomorphy for
the members of teleost fishes (De Pinna, 1996). Further
studies indicated that morphological features of the uro-
hyal bone can be used to discriminate fish families, genera
and even species (Arratia & Schultze, 1990; Jawad et al.,
2016), and that urohyal bone has taxonomic significance
(Kusaka, 1974; Esmaeili & Teimori, 2006). Therefore, it
can be hypothesized that urohyal bone contains sufficient
data to disclose taxonomic and even phylogenetic rela-
tionships among the fishes.

However, and despite the diagnostic values of the uro-
hyal bone in teleost fishes, its morphological character-
istics have not been studied sufficiently for many fishes.
The qualitative and quantitative studies of the urohyal
bone would be particularly interesting for the discrimi-
nation of those fish taxa that are similar in their external
morphology (Manizadeh, 2017). A good example is the
members of the killifish, genus Aphanius Nardo 1827,
where most of the species are morphologically similar,
and difficult to discriminate.

The genus Aphanius (commonly known as tooth-
carps in the studied regions) is the only representative
of the cyprinodontid fishes in the Mediterranean Sea ba-
sin, the Red Sea, Persian Gulf basins, as well the inland
waters of Turkey and Iran (Wildekamp, 1993; Teimori,
2013). Even though the members of the genus Aphanius
can be separated by using molecular markers in term of
phylogeny, it is difficult to distinguish them by consider-
ing only fish external morphology even in multivariate
spaces (Teimori et al., 2012a). Therefore, it is necessary
to accomplish comparative analyses and investigate mor-
phological characteristics of the hard structures such as
scales (e.g. Gholami et al., 2013; Teimori et al., 2017a-

b), otolith (e.g. Reichenbacher et al., 2009a-b; Teimori et
al., 2012a-c) and urohyal bone because their differences
might be indicative of taxonomic value or phylogenetic
signal.

This study presents for the first time an attempt to de-
scribe morphological characteristics of the urohyal bone
in six brackish water species of the genus Aphanius and
to assess the possible contribution of this hard structure
in their discrimination.

Materials and Methods
Studied species and dissection of the urohyal bone

The materials in this study include four species from
the Persian Gulf region (Hormuzgan and Mond basins)
and two species from the Southeastern Mediterranean
Sea basin. Based on a very recent study by Teimori et
al. (2018), the Aphanius populations in Hormuzgan basin
(Southern Iran) are defined as new distinct species, Apha-
nius hormuzensis Teimori, Esmaeili, Hamidan, Reichen-
bacher, 2018 and those from the Mond basin are revised
as Aphanius stoliczkanus (Day, 1872). The materials from
the Persian Gulf region consist of; Aphanius hormuzen-
sis; A. furcatus Teimori, Esmaeili, Erpenbeck, Reichen-
bacher, 2014; A. ginaonis (Holly, 1929) (Hormuzgan
basin); and Aphanius stoliczkanus (Day, 1872) (Mond
basin). The materials from Southeastern Mediterranean
Sea basin include; 4. mento Heckel, 1843and A. sirhani
Villwock, Scholl & Krupp, 1983 (Table 1 and Fig. 2).

Specimens were chosen without separating the sexes
because of the low number of individuals in each indi-
vidual sexe. The fish standard length (SL) ranges from

Table 1. Overview of the studied Aphanius species, number of individuals (N), sampling sites, habitat types and drainage basins

where specimens have been collected. SD = standard deviation.

Species N Site Habitat type Basin Country SL (mean + SD)

4 Mehran 1 Brackish water river Hormuzgan, Persian Gulf Iran
3 Mehran2  Brackish water river Hormuzgan, Persian Gulf Iran

A.hormuzensis 4 Kol Brackish water river Hormuzgan, Persian Gulf Iran 30.6 £4.40
3 Rassul Brackish water river Hormuzgan, Persian Gulf Iran
4 Khurgu Hot sulphuric spring Hormuzgan, Persian Gulf Iran

A. stoliczkanus 10 Howba Hot sulphuric spring Mond, Persian Gulf Iran 32.0+2.00
4 Faryab Hot sulphuric spring Hormuzgan, Persian Gulf Iran

A. furcatus 253 +£1.50
4 Kol Brackish water river Hormuzgan, Persian Gulf Iran

A. ginaonis 10 Genow Hot sulphuric spring Hormuzgan, Persian Gulf Iran 312+1.35

A. mento 8 Beirut Brackish water river  Southeastern Mediterranean Sea Leobnan 28.7+1.12

A. sirhani 8 Jordan Brackish water river Dead Sea, Southeastern Jordan 27.8+1.10

Mediterranean Sea
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Fig. 2: Overview of the location of the studied Aphanius species in Persian Gulf region (below, the black symbols are from Hor-
muzgan basin, and the white triangular symbol is from Mond basin) and Southeastern Mediterranean Sea drainages (above). Map

source: Wildekamp (1993).

23 to 42 mm. A total of 62 urohyal bones were extracted
from all the species studied. The flesh was removed by
placing the alcohol preserved (96% ethanol) fish spec-
imen in boiling water for five minutes and the urohyal
bone was extracted from the ventral side of the head,
washed and stored dry in small envelopes. All of the ex-
tracted urohyal bones are catalogued and deposited in
the Zoological Museum of Shahid Bahonar University
of Kerman (ZM-SBUK). Digital image of each urohy-
al bone was taken from left side using a digital camera
(model SP-320®, Olympus) connected to stereo-micro-
scope (model SZ61® Olympus, Tokyo, Japan).

Medit. Mar. Sci., 19/2, 2018, 356-365

Urohyal bone description and measurement

To describe the urohyal bone morphology, we fol-
lowed the terminology used in Chollet-Villalpando et al.
(2014a) (Fig. 3). Accordingly, the urohyal shape was de-
fined as follows; urohyal bone short (urohyal length (UL)
< urohyal height (UH)), broad (urohyal height > 1/2 uro-
hyal length); long (urohyal length > urohyal height) or
narrow (urohyal height < 1/2 urohyal length). Also, some
other characters such as urohyal dorsal length (DL), uro-
hyal maximum height (MH), urohyal height (UH), uro-
hyal length (UL), and ventral length (VL) were measured
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following Kusaka (1974) (Fig. 4A). All the measurements
were carried out using ImageJ 1.x (Schneider et al,
2012). To remove the effect of fish size on the data, all of
the measurements were standardized as a function of the
urohyal length (Lahnsteiner & Jagsch, 2005). Therefore,
the values of selected measured morphometric parameters
(=Mmp) were standardized by using the urohyal length
(i.e. Mmp/UL*100). Eventually, the relative features were
calculated for qualitative analysis (Table 2). In addition,
three angles including condylar angle (CA), ventral angle
(VA) and posterodorsal angle (PDA) were measured and
compared among the studied species (Fig. 4B).

Analysis of data

Because of the vulnerability of some studied species
such as Aphanius ginaonis and A. sirhani, we used low
sample size (an average of around 10 per species) in our
study. The Kolmogorov-Smirnov (K-S) test of normality
at the 95% confidence level was used to test normal dis-
tribution of the data. It showed that our data are normal-
ly distributed (P>0.05). Discriminant function analysis
(DFA) as a multivariate analysis was used to show the
possible discrimination of the studied species based on
the relative characters of their urohyal bones. One-way

Fig. 3: Left side view of the urohyal bone of Aphanius species and its terminology. Ha, hypohyal attachment; Ba, basibranchial
attachment; Ve ventral extension; De dorsal extension; Dp dorsal plate; Pde posterodorsal edge; Rb radial band; Lp lateral plate;
Pe posterior edge; Ve ventral edge; Vp ventral plate; Co condyle (adapted from Kusaka, 1974).

Fig. 4: Linear measurements (A) and three measured angles (B) of the urohyal bone of an Aphanius species based on Kusaka,
1974. The measured parameters are as follow: DL, dorsal length; MH, maximum height; UH urohyal height; UL urohyal length;
VL ventral length; CA condylar angle (angle 1; BAC); PDA posterodorsal angle (angle 2; ABC); VA Ventral angle (angle 3; ACB).

The urohyal photo is from a left side view.
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Table 2. Values of the urohyal variables (means and standard deviations) among the studied Aphanius species (one-way ANOVA
with Duncan post-hoc test, P<0.05); N, number of individuals. Angle 1 is the Condylar angle (CA in Fig. 2b), Angle 2 is the pos-
terodorsal angle (PDA in Fig. 2b) and angle 3 is the ventral angle (VA in Fig. 2b). SD = standard deviation.

A.hormuzensis  A. stoliczkanus ~ A.furcatus A.ginaonis A. mento A. sirhani
N=18 N=10 N=§8 N=10 N=8 N=8
Variable

Mean +SD Mean +SD Mean +SD Mean +SD  Mean+SD  Mean £SD
(min-max) (min-max) (min-max) (min-max) (min-max)  (min-max)

Anglel 77.8£11.5 65.9+10.2 79.4+5.2 77.4+1.2 76.443.1 72.842.5
£ (58.4-109.0) (58.5-73.5) (74.3-84.9) (71.2-80.7)  (67.5-79.1)  (66.7-76.7)

Anele2 83.3+12.2 96.5+10.5 83.3+6.5 80.8+6.4 74.1+1.2 85.5+2.7
£ (52.9-103.9) (89.1-103.8) (79.1-90.8) (76.2-85.3)  (73.2-75.0)  (83.7-87.5)

Anele3 144.1£16.5 148.2+17.2 139.5+20.2 91.3+5.7 91.2+0.3 74.4£1.3
£ (109.7-168.3) (135.6-160.7)  (120.6-160.8)  (87.2-95.3)  (91.3-91.4)  (73.5-75.3)

DL UL 81.9+7.5 90.2+3.7 80.2+10.5 86.1+3.7 90.5+10.6 96.8+0.3
’ (65.8-92.8) (87.5-92.7) (68.8-89.6) (83.3-88.8)  (88.2-91.6)  (96.6-97.0)

VL UL 83.4+6.1 86.7+1.4 91.4+4.5 94.0+2.2 90.242.5 82.3+0.5
’ (66.1-89.2) (85.4-87.7) (86.2-94.4) (92.4-95.6)  (88.2-92.1) (81.9-82.7)

UH.UL: 18.945.5 28.4+1.7 28.242.6 13.1+3.1 21.9+£7.9 26.4+1.4
) (11.4-29.6) (27.1-29.6) (25.5-30.9) (10.9-15.3)  (16.3-27.6)  (25.4-27.4)

ML UL 27.5+3.5 25.4+4.4 28.3+3.2 29.6+5.1 34.2+1.0 31.9+2.1
' (22.3-35.2) (22.3-28.6) (25.9-30.9) (26.1-33.2)  (33.7-34.3)  (30.4-33.4)

a: separates significantly 4. hormuzensis and A. ginaonis from its compared relatives

b: separates significantly 4. mento from its compared relatives

ANOVA with Duncan post-hoc test (P<0.05) as a univari-
ate analysis was used to test if significant differences exist
among the studied species with regard to their urohyal
bones. In addition, a dendrogram was created by hierar-
chical cluster analysis (Unweighted Pair Group Method
with Arithmetic Mean, UPGMA), based on the Euclidian
distance of the urohyal bone variables to assess the de-
gree of phenetic similarity between the studied Aphanius
species. All of the statistical analyses were carried out in
IBM (SPSS ver. 24).

Results

General characteristics of the urohyal bones in
Aphanius spp.

General morphology of the urohyal bones in the stud-
ied species is illustrated in Figures 5—6. The urohyal bone
length (UL) in all of these species is higher than the uro-
hyal height (UH), which implies that urohyal bone is elon-
gated in all of the studied species, while its morphology is
variable among the species. Also, three angles, condylar
angle (Angle 1, CA in Fig. 4B), posterodorsal angle (An-
gle 2, PDA in Fig. 2B) and ventral angle (Angle 3, VA in
Fig. 2B) show ranges of 16.50-109.04, 73.50-168.37 and
52.93-103.93 degrees, respectively. Generally, the urohy-
al bones in these species consist of a basibranchial (Ba),
hypohyal (Hy) and condyle (Co) attached to the anterior
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margin. These structures show considerable variations
among the studied species with regard to their shapes. In
addition, in some species an extension or process with
different shapes can be seen at the anterior side of the
urohyals. The condyle at the anterior side of urohyal may
be short or long, thick or thin, and or compressed in the
hypohyal union. The urohyals have four distinguishable
edges including; dorsal (De), ventral (Ve), posterior (Pe)
and posterodorsal (Pde) edges (Fig. 3). Radial band (Rb)
is long or short, and dorsal plate (Dp) is usually wide.
Ventral edge is mostly straight, lateral plate (Lp) is most-
ly wide, and ventral plate (Vp) is often narrow.

Description of urohyal bone for the Persian Gulf brack-
ish water Aphanius species

Aphanius hormuzensis (Fig. 5a-g). Description of
the urohyal bone for the 4. hormuzensis is based on 18
specimens collected from five sites in the Hormuzgan
basin, Southern Iran (Table 1 and Fig. 2). The urohyal
in this species is long (UL=3.27>UH=0.48), basibranchi-
al attachment at its anterior margin is either moderately
elongated and thickened (Fig. Sa-e, g) or thin (Fig. 5f);
the hypohyal attachment is often thickened at its anteri-
or margin, and moderately extends in some habitats (Fig.
Sa-d); condyle is short and thick and compressed in the
hypohyal union; dorsal edge is often smooth and elevat-
ed to the dorsal extension; radial band is often long (Fig.
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ZM-SBUK10-6 ZMSBUKID-T

Fig. 5: Lateral view of the urohyal bone of the studied Aphanius species from the Persian Gulf region with their correspond-
ing voucher numbers indicated below the urohyal bones. a-g Aphanius hormuzensis; h-1 A. furcatus; j-k A. ginaonis; i-m A.
stoliczkanus. Scale bar 0.5 mm.

Aphanius mento

ZM-SBUK22

e

=
- =

\ ZM-SBUK24

Fig. 6: Lateral view of the urohyal of the studied Aphanius species from Southeastern Mediterranean Sea basin with their corre-
sponding voucher numbers indicated below the urohyal bones. a-b Aphanius mento; c-d A. sirhani. Scale bar 0.5 mm.
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Sa-f) with an extension to posterior edge. The postero-
dorsal edge is mostly longer than the ventral and dorsal
edges with an exception observed in Figure 5a-b.

Aphanius furcatus (Fig. 5 h-i). Description of the uro-
hyal bone for the 4. furcatus is based on eight specimens
collected from two habitats in the Hormuzgan basin,
Southern Iran (Table 1 and Fig. 2). The urohyal bone from
Faryab hot sulphuric spring was coded as ZM-SBUK9-5,
and that from Kol brackish water River was coded as
ZM-SBUKS5-13 (Fig. 2). The urohyal bone in A. furcatus
is long (UL=1.71>UH=0.48), basibranchial attachment is
prominently elongated and thin in the urohyals of both
habitats (Fig. 5h-i). The hypohyal attachment is thick-
ened at its anterior margin in the specimen from Faryab
hot sulphuric spring (Fig. 5h) although it is moderately
thin and extends in the specimens from Kol River (Fig.
51); condyle is short and uniform in the ZM-SBUK9-5
(Fig. 5h), while it is not developed in the ZM-SBUK5-13
(Fig. 51); the dorsal edge is often smooth and elevated to
the dorsal extension; radial band long with an extension
to the posterior edge. The posterior edge is neither equal
(Fig. 5h) nor shorter (Fig. 5i) than the posterodorsal and
ventral edges.

Aphanius ginaonis (Fig. 5 j-k). Description of the uro-
hyal bone for the 4. ginaonis is based on the ten speci-
mens collected from Genow hot sulphuric spring in the
Hormuzgan basin, Southern Iran (Table 1 and Fig. 2). The
urohyal bone in this species is long (UL=2.76>UH=0.30);
basibranchial attachment is elongated and thin; hypohyal
attachment is not developed at its anterior margin; con-
dyle is short and uniform; dorsal edge is often smooth and
elevated to the dorsal extension; radial band is long with
an extension to the posterior edge. The posterior edge is
almost longer than the posterodorsal and ventral edges
(Fig. 5j-k).

Aphanius stoliczkanus (Fig. 5 1-m). Description of the
urohyal bone for the A. stoliczkanus is based on the ten
specimens collected from Howba hot sulphuric spring,
the Mond basin, Southern Iran (Table 1 and Fig. 2).The
urohyal bone in this taxon is long (UL=3.04>UH=0.86);
basibranchial attachment is strongly elongated and thin;
the hypohyal attachment is often thickened at its anterior
margin, and moderately extended; condyle is short and
uniform; the dorsal edge is often smooth and elevated to
the dorsal extension; radial band is short with an extension
to the posterior edge. The posterior edge is almost longer
than the posterodorsal and ventral edges (Fig. 51-m).

Description of urohyal bone for Southeastern Mediter-
ranean Sea brackish water Aphanius species

Aphanius mento (Fig. 6 a-b). Description of the uro-
hyal bone for the Aphanius mento is based on the eight
specimens collected from Jordan River drainage basin
(Table 1 and Fig. 2). In A. mento urohyal bone is long
(UL=4.0>UH=0.93); basibranchial attachment is strong-
ly elongated and thin, and is bent toward the posterior
region; the hypohyal attachment is thickened at its anteri-
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or margin, and moderately extended; condyle is long and
extended; the dorsal edge is smooth and elevated to the
dorsal extension; radial band is long with an extension
to the posterior edge. The posterior edge is either lon-
ger than the posterodorsal and ventral edges (Fig. 6a) or
equal to them (Fig. 6b).

Aphanius sirhani (Fig. 6 c-d). Description of the uro-
hyal bone for the Aphanius sirhani is based on the eight
specimens collected from Dead Sea basin (Table 1 and Fig.
1). In this species, urohyal is long (UL=3.26>UH=0.83);
the basibranchial attachment is almost short and thick-
ened, and bent toward the posterior region (Fig. 6¢); the
hypohyal attachment is strongly elongated and thin at its
anterior margin; condyle is short and uniform; the dorsal
edge is smooth and elevated to the dorsal extension; ra-
dial band is short with an extension to the posterior edge.
The posterior edge is shorter than the posterodorsal and
ventral edges (Fig. 6¢-d).

Morphometric analyses

The results of the descriptive analysis based on the
four standardized urohyal variables and the three an-
gles are summarized in Table 2. The univariate analysis
showed that the two (out of four) morphometric charac-
ters, including; UH.UL, MH.UL, and the condylar angle
(CV in Fig. 4B), differ significantly among the studied
species (ANOVA with post hoc Duncan test, p<0.05).
The urohyal high/urohyal length (UH.UL) significantly
separates A. hormuzensis and A. ginaonis from all the
other studied species (Table 2). Moreover, the urohyal
maximum height/urohyal length (MH.UL) significantly
discriminates 4. mento from all the other studied relatives
(ANOVA with post hoc Duncan test, p<0.05).

Discriminant Function Analysis (DFA), based on all
the morphometric variables and the three angles, sepa-
rates the studied species with high overall classification
success (94.7%) (Table 3). Additionally, the average
linkage dendrogram based on the Euclidean distance was
calculated for all the morphometric variables and angles.
The resulted dendrogram categorizes the studied species
into two major clusters, in which cluster I includes A.
hormuzensis, A. stoliczkanus and A. furcatus, and cluster
II contains A. ginaonis, A. mento, and A. sirhani (Fig. 7).
Within the cluster 1, A. hormuzensis is grouped to the A.
stoliczkanus, and these together clusters with 4. furcatus.
Within the cluster 11, A. mento is grouped to the A. sirhani
and these together cluster with 4. ginaonis.

Discussion

The urohyal bone is one of the hard structures located
in the central part of mandibular skeleton of teleost fish-
es (Kusaka, 1974). It plays an important role not only in
mouth opening-closing mechanism but also in the trophic
strategies of fishes (Arratia, G., Schultze, 1990; Chol-
let-Villalpando et al., 2014b). Considering its function,
the urohyal bone can be used in feeding studies to quan-
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Table 3. Classification success of the DFA (jack-knifed) based on all four standardized variables and three angles of the urohyals
of studied Aphanius species. Overall classification success is 94.7% (Wilks’ A=0.05 for function 1 and 0.36 for function 2). N,

number of individuals.

Predicted Group Membership

species i N
A. hormuzensis A. stoliczkanus A.furcatus A.ginaonis A.mento A.sirhani
A. hormuzensis 90.0 10.0 18
A. stoliczkanus 100.0 10
A. furcatus 100.0 8
A. ginaonis 100.0 10
A. mento 100.0 8
A. sirhani 100.0 8
led Di Cluster C
0 5

10 1|5 20 25

. L
Aphanius hormuzensis

Aphanius stoliczkanus

Cluster |

Aphanius furcatus

Aphanius mento

Aphanius sirhani

Cluster Il

Aphanius ginaonis

Fig. 7: Phenogram based on the morphometric variables indicating the phenotypic relationship of the urohyal bone morphology
for the studied Aphanius species. Dissimilarity based on the Euclidian distance of Mahalanobis distance values, grouped by hier-

archical cluster analysis (UPGMA).

tify the food consumed by piscivorous fish and also other
aquatic animals (Johal et al., 2000; Tombeari et al., 2010;
Perez-Comesana et al., 2013).

In addition to its biological values in fishes, the urohy-
al bone has also been used by ichthyologist to study fish
taxonomy (Kusaka, 1974; Esmaeili & Teimori, 2006; De
La Cruz-Agiiero et al., 2012). Therefore, morphological
characteristics of urohyal bone have long been applied
for species discrimination in terms of taxonomy and phy-
logeny (Kusaka, 1974; Yazdani & Prakash, 1990; Murray
& Attia, 2004; Mabee et al., 2011; De La Cruz-Agliero
et al., 2012; Marceniuk et al., 2012; Chollet-Villalpan-
do et al., 2014a). One of the most comprehensive studies
on systematic significance of the urohyal bone has been
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carried out by Kusaka (1974). After doing a comparative
study on the urohyal bones of approximately 700 spp, be-
longing to 460 genera, 184 families, and 21 orders, he
definitely concluded that urohyal morphology is obvious-
ly specific in different groups of teleost fishes. Therefore,
it can be safely used for classifying families, genera, and
species.

As mentioned above, most of the Aphanius species
are similar in their external morphology, which has made
them a difficult fish group to be identified for several
years (Coad, 2000; Teimori et al., 2012a; Hrbek et al.,
20006). Therefore, the objective of this study was to eval-
uate whether the urohyal bone morphology would be able
to discriminate the selected Aphanius species. A further
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aim was to see if variation seen in the urohyal bone mor-
phology is consistent with the current classification of the
studied species.

The results of this study clearly indicated that two
morphological variables including urohyal height/urohyal
length and urohyal maximum height/urohyal length con-
tributed to the separation of the studied Aphanius species.
In addition, the shapes of the basibranchial and hypohyal
were characters that separated species of the Southeastern
Mediterranean Sea (4. mento and A. sirhani) from their
relatives in the Persian Gulf.

Even though the urohyal bones of A. hormuzensis
from the Hormuzgan basin in southern Iran were general-
ly characterized by moderately elongated and thickened
basibranchial attachment, some intraspecific variations
exist in the urohyals of this species collected from dif-
ferent habitats. The urohyals of A. hormuzensis shown in
Figure 5 a-d and g are from brackish water river, while
those in Figure Se-f are from hot sulphuric spring. A clear
difference can be seen in the shape of basibranchial at-
tachment in the anterior part of its urohyals. This differ-
ence may be resulted from their different feeding habits
since those specimens inhabiting in brackish water rivers
feed on alga on rocks and those living in hot sulphuric
springs search and feed on the soft bed of spring.

Aphanius ginaonis is another species in the Hor-
muzgan basin which is geographically and genetically
close to the A. hormuzensis (Teimori et al., 2014, 2018).
Its urohyal bone is morphologically similar to A. furcatus
and A. stoliczkanus. However, this was not supported by
UPGMA analysis, in which A. ginaonis clustered in A.
mento and A. sirhani group (Fig. 7).

The UPGMA analysis based on all the morphometric
variables of the urohyal bones indicated that species of
the Persian Gulf basin (with an exception of 4. ginaonis)
grouped into the same cluster. In this group, A. hormuzen-
sis from Hormuzgan is clustered with A. stoliczkanus
from the Mond basin. This is in agreement with the re-
sults of Teimori et al. (2012a) where they analysed fish
body and otolith morphology and found a close relation-
ship between these two species (Teimori et al., 2012a;
page 301, Fig. 6). Another taxon in this group is 4. furca-
tus whose urohyal bone was morphologically similar to
the 4. hormuzensis. These two species are sympatric and
close in term of phylogeny (Teimori ef al., 2014). In the
same habitat, A. hormuzensis is usually found in the mid-
dle part of the river where water depth is higher, while
A. furcatus tends to prefer the river sides where water is
shallow. The similar morphology in their urohyal bones
can be interpreted as close feeding habits of these species.
However, this assumption needs further examination.

The urohyal bones of the two studied species from the
Southeastern Mediterranean Sea basin were complete-
ly different from their relatives in the Persian Gulf (see
also Figs.5-6). This separation based on urohyal bone
morphology can also be supported by their phylogenet-
ic relationships (Hrbek & Meyer, 2003; Teimori et al.,
2014; Freyhof et al., 2017). Aphanius mento is reported
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to be found in shallow water among aquatic plants and
algae, where it feeds on insect larvae, crustaceans, and
algae (Krupp & Schneider, 1989). Aphanius sirhani also
lives in the same condition and is found in shallow water
among aquatic plants and stones, or over muddy grounds,
and feeds on insect larvae and crustaceans (Krupp &
Schneider, 1989). Teimori et al. (2014) have found that
tricuspid teeth in A. ginaonis and A. furcatus are morpho-
logically close to those of 4. mento, which may account
for the close feeding habit of these species. It is in agree-
ment with our finding which evidenced the morphologi-
cal similarity of their urohyal bones.

According to the evidence achieved in this study,
and by considering the current phylogeny of the studied
Aphanius species (Hrbek & Meyer, 2003; Teimori et al.,
2014), it can be concluded that taxonomy of the genus
Aphanius based on urohyal morphology is largely consis-
tent with its phylogeny and that at least some morpholog-
ical characters of the urohyal bone in Aphanius are genet-
ically encoded. As mentioned above, urohyal bone is one
of the most functional structures in fishes, and its position
is related to the functional differences of the mouth-open-
ing mechanism. Therefore, its shape differentiation might
play an important role in the life history of fish and its
feeding habits.

Acknowledgements

This work was supported by a grant of Shahid Ba-
honar University of Kerman (SBUK -GN1394). All ex-
periments comply with the current laws of Iran. We thank
N. Hamidan for providing samples from southeastern
Mediterranean Sea basin, and S.F. Sadjjadi for her assis-
tance during laboratory experiments.

References

Arratia, G., Schultze, H.P., 1990. The urohyal: Development
and homology within osteichthyans. Journal of Morpholo-
2y, (203), 247-282.

Coad, B.W., 2000. Distribution of Aphanius species in Iran.
Journal of American Killifish Association, (33), 183-191.
Chollet-Villalpando, J.G., Garcia-Rodriguez, F.J., De La
Cruz-Agiiero, J., 2014a. Urohyal size versus body-length
and weight relationships for thirteen mojarras species (Per-
ciformes: Gerreidae) in Mexican waters. Journal of Ichthyo-

logy, (54), 195-202. doi:10.1134/S0032945214020015

Chollet-Villalpando, J.G., De La Cruz-Agiiero, J., Garcia-Ro-
driguez, F.J., 2014b. Comparison of urohyal bone morphol-
ogy among gerreid fish (Perciformes: Gerreidae). ltalian
Journal of Zoology, (81), 246-255.

De La Cruz-Agiiero, J., Chollet-Villalpando, J.G., 2012. Ca-
talogo sinoptico del hueso urohial de las especies de la fa-
milia Gerreidae de México. In: Investigacion Ictiologica en
Meéxico, Topicos Selectos en Honor al Dr. José Luis Castro
Aguirre, México (ed. Del Moral), UNAM-FES Iztacala-SI-
MAC, pp 57-73.

De Pinna, M.C.C., 1996. Teleostean monophyly. In: Interrela-
tionships of fishes (ed. Stiassny, M.L.J., Parenti, L.R., John-
son GD). New York, Academic Press, pp 147-162.

364



Esmaeili, H.R., Teimori, A., 2006. Morphology of urohyal bone
and its importance in the taxonomy of some freshwater fi-
shes of Iran. lranian Scientific Fisheries Journal, (15), 1-8.

Freyhof, J., Weissenbacher, A., Geiger, M., 2017. Aphanius
kruppi, a new Kkillifish from Oman with comments on the
A. dispar species group (Cyprinodontiformes: Aphaniidae).
Zootaxa, (3), 557-573.

Ferrito, V., Pappalardo, A.M., Fruciano, C., Tigano, C., 2009.
Morphology of scale lepidonts in the genus Aphanius (Tele-
ostei, Cyprinodontidae) using SEM. Italian Journal of Zoo-
logy, (76), 173-178.

Gholami, Z., Teimori, A., Esmaeili, H.R., Schulz-Mirbach,
T., Reichenbacher, B., 2013. Scale surface microstructure
and scale size in the tooth-carp genus Aphanius (Teleostei,
Cyprinodontidae) from endorheic basins in Southwest Iran.
Zootaxa, (3619), 467-490.

Hrbek, T., Keivany, Y., Coad, B.W., 2006. New species of
Aphanius (Teleostei, Cyprinodontidae) from Isfahan Pro-
vince of Iran and a reanalysis of other Iranian species. Co-
peia, (2), 244-255.

Hrbek, T., Meyer, A., 2003. Closing of the Tethys Sea and the
phylogeny of Eurasian killifishes (Cyprinodontiformes: Cypri-
nodontidae). Journal of Evolutionary Biology, (16), 7-26.

Jawad, L.A., Laghai Khahe Jahromi, F., Teimori, A., Mehra-
ban, H.R., Esmaeili, H.R., 2016. Comparative morphology
of the urohyal bone of fishes collected from the Persian Gulf
and Oman Sea. Journal of the Marine Biological Associa-
tion of the United Kingdom, 1-17.

Johdal, M.S., Esmaeili, H.R., Tandon, K.K., 2000. Reliability
of urohyal bone of silver carp, Hypophthalmichthys mo-
litrix (Val. 1844) for age determination. Current Science,
(79), 27-28.

Krupp, F., Schneider, W., 1989. The fishes of the Jordan River
drainage basin and Azraq Oasis. Fauna of Saudi Arabia,
(10), 347-416.

Kusaka, T., 1974. The urohyal of fishes. Tokyo: University of
Tokyo Press. 320 pp.

Lahnsteiner, F., Jagsch, A., 2005. Change in phenotype and
genotype of Austrain Salmo trutta populations during the
last century. Environmental Biology of Fishes, (74), 51-65.
doi:10.1007/s10641-005-4420-9

Mabee, PM., Grey, E.A., Arratia, G., Bogutskaya, N., Boron, A.
et al., 2011. Gill arch and hyoid arch diversity and cyprini-
form phylogeny: distributed integration of morphology and
web-based tools. Zootaxa, (2877), 1-40.

Manizadeh, N., 2017. Study of otolith and urohyal bone mor-
phology in several marine fishes collected from Persian
Gulf. Master thesis. Shahid Bahonar University of Kerman,
Kerman, Iran, 193 pp.

Marceniuk, A.P., Menezes, N.A., Brito, M.R. 2012. Phylogene-
tic analysis of the family Ariidae (Ostariophysi: Silurifor-
mes), with a hypothesis on the monophyly and relationships
of the genera. Zoological Journal of the Linnaean Society,
(165), 534-669. doi:10.1111/j.1096-3642.2012.00822.x

Murray, A., Attia, S., 2004. A new species of Lates (Teleostei:
Perciformes) from the Lower Oligocene of Egypt. Journal
of Vertebrate Paleontology, (24), 299-308.

Perez-Comesaiia, J.E., Clavin, P., Arias, K., Riestra, C., 2013.
Total length estimation of the Brazilian flathead Percophis
brasiliensis, using morphometric relationships of skull,
pectoral girdle bones, otoliths and specific body measu-
res, in Argentine waters. Journal of Applied Ichthyology,
(30), 377-380.

365

Reichenbacher, B., Feulner, G.R., Schulz-Mirbach, T., 2009a.
Geographic variation in otolith morphology among freshwa-
ter populations of Aphanius dispar (Teleostei, Cyprinodonti
formes) from the southeastern Arabian Peninsula. Journal
of Morphology, (270), 469-84. doi: 10.1002/jmor.10702

Reichenbacher, B., Kamrani, E., Esmaecili, H.R., Teimori, A.,
2009b.The endangered cyprinodont Aphanius ginaonis
(Holly, 1929) from southern Iran is a valid species: evidence
from otolith morphology. Environmental Biology of Fishes,
(86), 507-521. doi:10.1007/s10641-009-9549-5

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. “NIH
Image to Imagel: 25 years of image analysis”. Nature
Methods, (7), 671-675.

Teimori, A., 2013. The evolutionary history and taxonomy of
Aphanius (Teleostei: Cyprinodontidae) species in Iran and
the Persian Gulf region. Ph.D. thesis. LMU, Munich, Ger-
many, 73pp.

Teimori, A., Esmaeili, H.R., Gholami, Z., Zarei, N., Reichenba-
cher, B., 2012a. Aphanius arakensis, a new species of to-
oth-carp (Actinopterygii, Cyprinodontidae) from the en-
dorheic Namak Lake basin in Iran. Zookeys, (215), 55-76.

Teimori, A., Schulz-Mirbach, T., Esmaeili, H.R., Reichenba-
cher, B., 2012b. Geographical differentiation of Aphanius
dispar (Teleostei: Cyprinodontidae) from Southern Iran.
Journal of Zoological Systematics and Evolutionary Rese-
arch, (50), 289-304.

Teimori, A., Jawad, LAJ., Al-Kharusi, LH., Al-Mamry, JM.,
Reichenbacher, B., 2012¢c. Late Pleistocene to Holocene
diversification and historical zoogeography of the Arabian
killifish (Aphanius dispar) inferred from otolith morpholo-
gy. Scientia Marina, (4), 637-645.

Teimori, A., Esmaeili, H.R., Erpenbeck, D., Reichenbacher, B.,
2014. A new and unique species of the genus Aphanius (Te-
leostei: Cyprinodontidae) from Southern Iran: A case of re-
gressive evolution. Comparative Zoology, (253), 327-337.

Teimori, A., Motamedi, M., Manizadeh, N., 2017a. Micro-
structural characterization of the body key scale morpho-
logy in six Iranian endemic Aphanius Nardo, 1827 species
(Cyprinodontidae); their taxonomic and evolutionary signi-
ficance. Journal of Ichthyology, (57), 533-546.

Teimori A., Motamedi, M., Shaker Golmakan, M. 2017b. Com-
bining morphology, scanning electron microscopy, and
molecular phylogeny to evaluate the taxonomic power of
scales in genus Aphanius Nardo, 1827 (Teleostei: Cyprino-
dontidae). Archives of Polish Fisheries, (25), 77-87.

Teimori A., Esmaeili, HR., Hamidan, N., Reichenbacher,
B. 2018. Systematics and historical biogeography of the
Aphanius dispar species group (Teleostei: Aphaniidae)
and description of a new species from Southern Iran.
Journal of Zoological Systematics and Evolutionary Rese-
arch (in press), doi: 10.1111/jzs.12228

Tombari, A., Gosztonyi, A., Echeverria, D., Volpedo, A., 2010.
Otolith and vertebral morphology of marine atherinid species
(Atheriniformes, Atherinopsidae) coexisting in the southwe-
stern Atlantic Ocean. Ciencias Marinas, (36), 213-223.

Wildekamp, R.H., 1993. A world of killies. Atlas of the ovi-
parous cyprinodontiform fishes of the world. The genera
Adamas, Adinia, Aphanius, Aphyoplatys, and Aphyosemion.
Indiana, American Killifish Association, 311 p.

Yazdani, GM., Prakash, O., 1999. The importance of Urohyal
in fish systematics. Records of the Zoological Survey of In-
dia, (87),277-292.

Medit. Mar. Sci., 19/2, 2018, 356-365


http://www.tcpdf.org

