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Abstract
Aim: Sillaginidae is commercially exploited fish species across the Indo-West Pacific 
(IWP), and changes in its abundance are of major conservation concern. Cryptic 
species in the marine realm emphasizes the necessity to revise our current percep-
tion of marine biodiversity, and understanding cryptic diversity is a prerequisite for 
sustainable development of ocean fisheries. Therefore, our goal was to provide an 
in-depth understanding of cryptic diversity and evolutionary diversification of the 
family Sillaginidae across the IWP to assess the currently uncertain global status of 
the species.
Location: IWP shores spanning from Japan and Australia to South Africa.
Methods: Samples from 23 valid and two undefined Sillaginidae species were ob-
tained across their habitats in IWP. Phylogenetic analyses and molecular dating of 
both mitochondrial (12S, 16S, Cyt b, and COI) and nucleic (RAG2) loci, combined 
with morphometrics of the swim bladder, were used to evaluate their cryptic species 
diversity and phylogeography.
Results: A total of 31 operational taxonomic units with two highly diverse cryptic 
complexes in Sillago ingenuua and Sillago sihama were identified across IWP, including 
a shallow dichotomous branch in the S. ingenuua complex and eight highly divergent 
clades from the S. sihama complex. The robust model-based multigene phylogeny 
for 24 Sillaginidae species was well supported in accordance with the morphology 
evolution of swim bladder. The origin of the Sillaginidae was estimated during the 
Middle Eocene based on the relaxed molecular clock analysis calibrated by fossil and 
paleogeographic event.
Main conclusions: Our results indicated that more cryptic species could be present in 
the family Sillaginidae and a thorough reappraisal of the current S. sihama taxonomy 
is warranted. The swim bladder evolution in Sillaginidae fishes was from simplicity 
to complex corresponding with phylogeny. Given the complex cryptic diversity of 
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1  | INTRODUC TION

The marine environments as one of the largest habitats on Earth rep-
resent extraordinarily high biodiversity, which however, in the last 
several decades, is imperiled due to overharvesting, coastal develop-
ment, pollution and climate change (Lukoschek, 2018). The necessity 
to survey the species range will contribute to most biological en-
deavours ranging from accurate biodiversity estimates to the effec-
tive management of sustainably harvested, protected or endangered 
species (Puckridge et al., 2013). Cryptic diversity represents in-
stances which species are, at least morphologically, indistinguishable 
(Bickford et al., 2007), but it may underestimate the complexity of 
biodiversity. While the presence of cryptic species poses challenges 
for biodiversity assessment, approaches incorporating genetic infor-
mation into evolutionary significant lineages identification, including 
cryptic species, as well as genetic diversity and divergence estima-
tion have been proven to be essential and expanded to most meta-
zoan taxa, including insects (Nunes et al., 2014), amphibians (Vacher 
et al., 2017), birds (Lohman et al., 2010), reptiles (Vasconcelos 
et al., 2016), molluscs (Liu et al., 2011; Taylor & Glover, 2005), and 
fishes (Hubert et al., 2012; Shen et al., 2011).

The Sillaginidae (Richardson, 1846), commonly known as sand 
whiting or sand borers, is a family of small demersal marine fishes that 
primarily inhabit inshore waters with sandy substrate or estuarine 
areas throughout the Indo-West Pacific (IWP) region (McKay, 1985; 
Nakabo, 2013; Nelson et al., 2016). Recently, Sillaginidae species 
play a significant role in the commercial and recreational fisheries of 
Pakistan, Australia, China, Japan, Malaysia, Thailand, and Philippines 
(McKay, 1992; Shao & Chang, 1978). Nowadays, these species are 
facing increasing anthropogenic pressures linked to predator re-
lease, overfishing, habitat degradation, and climate change (Brown 
et al., 2013). Drops in Sillaginidae catches have been reported and 
changes in the abundance are of major conservation concern (Yang 
et al., 2020). However, due to the lack of species-specific data, as-
sessment of the stock status of different species and management 
of the key species to a fishery sustainability status is still limited and 
requires knowledge of its species status and distribution.

The taxonomy of Sillaginidae has had a long and convoluted his-
tory, and the main reason for the limitation of species-specific data 
is that species of this family are difficult to distinguish due to their 
similar external appearance, slight variation in appearance within 
species, and overlapping distributions (McKay, 1992). The descrip-
tion and identification of Sillaginidae species were fragmental until 
McKay (1985) classified this family into three genera with 25 species 

and subsequently increased to 31 species (McKay, 1992), whereas 
Kaga (2013), based on the morphological characteristics, further 
revised the Sillaginidae into five genera: Sillaginodes, Sillaginopsis, 
Sillaginops, Sillaginopodys and Sillago. Moreover, in Sillaginidae, the 
swim bladder is important in classifying many forms which may be 
absent, poorly developed or highly complex with various extensions. 
For example, within this monophyletic group, three genera (Sillago, 
Sillaginopsis and Sillaginodes) were diagnosed mainly based on mor-
phology of the swim bladder (McKay, 1985, 1992).

With the development of molecular techniques, several spe-
cies have recently been described in this family. For example, Kaga 
et al. (2010) identified a new species, Sillago caudicula, based on the 
morphological evidence of specimens from Oman. Then, Sillago si-
nica, Sillago suezensis, and Sillago shaoi have been described based 
on morphometrics and DNA barcoding (Gao et al., 2011; Golani 
et al., 2014; Xiao et al., 2016). Recently, Panhwar et al. (2018) de-
scribed Sillago panhwari from the northern Arabian Sea. Notably, all 
these newly described species are morphologically similar to Sillago 
sihama, which has been thought to occupy large expanses of the 
IWP. The possibility of further cryptic speciation in this, and other 
apparently widely distributed Sillaginidaes, needs to be considered.

Such dramatic taxonomic disagreement in Sillaginidae has been 
due to the lack of understanding in its phylogenetic relationship. To 
settle these historical arguments relevant to the Sillaginidae phylog-
eny and diversification, in this study, we applied the analysis of mi-
tochondrial (12S, 16S, Cyt b, and COI) and nucleic (RAG2) markers 
from a broad location of Sillaginidae species, including 23 valid and 
two unnamed Sillago species across the IWP. We aim to: (a) reveal the 
phylogenetic relationships and cryptic diversity of Sillaginidae spe-
cies; (b) reconstruct a comprehensive Sillaginidae phylogeny regard-
ing to their swim bladder evolution; and (c) operate a molecular clock 
analysis calibrated by putative geological events and available fossils. 
These results would allow us to further investigate the evolutionary 
history of this family and provide more comprehensive management 
and conservation implications for Sillaginidae across the IWP region.

2  | METHODS

2.1 | Taxon sampling

A total of 107 Sillaginid specimens (16 valid and two undescribed 
species) were obtained from their natural habitats, local commercial 
markets or museums (Figures 1 and S1, Table S1). Most specimens 

Sillaginidae species, we suggested treating them as different management units in 
utilization of offshore fisheries resources.
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were identified following McKay's (1992) catalog and descriptions 
of newly recognized species (Gao et al., 2011; Panhwar et al., 2018; 
Xiao et al., 2016). Muscle of some samples was identified by the 
providers, such as Sillaginodes punctata from Queensland Museum 
by R. J. McKay. The specimens from the Fish Database of Taiwan 
and Zhanjiang, China could not be identified to any species and were 
referred to as “Sillago sp.,” respectively. In addition, some available 
Sillaginidae sequences, including 44 individuals (14 valid species 
with seven overlapped with the samples above), were downloaded 
from GenBank (www.ncbi.nlm.nih.gov/genbank) or Barcode of Life 
Data System (BOLD, www.barco dingl ife.org) for validation and com-
parative analysis (Table S2). In summary, a total of 23 valid and two 
undescribed species were included in the following analysis.

2.2 | Morphology of the swim bladder

According to Kaga (2013), the following processes are recognized 
in the swim bladder of Sillaginidae samples (Table S3), as shown in 
Figure S2: the posterior extension (PE), anterior extension (AE), an-
terolateral extension (ALE), posterior sub extension of anterolateral 
extension (PSAE), lateral process (LP) and duct-like process (DLP). 
They were recorded as: (a) number of PEs (0: zero; 1: one; 2: two); 
(b) number of AEs (0: zero; 1: one; 2: two); (c) ALE (0: absent; 1: pre-
sent, simple; 2: present, having a small PSAE on its posterior part; 3: 
present, having a long PSAE; 4: present, but lacking anterior process 
and minute appendages, the PSAE extending to near half of the body 
cavity); (d) DLP (0: absent; 1: present); (e) LP (0: absent; 1: present). 
The morphometrics of swim bladder was used to perform the hierar-
chical cluster analysis (HCA) and principal component analysis (PCA) 
using the OmicShare tools (http://www.omics hare.com/tools).

2.3 | DNA extraction and PCR amplification

Genomic DNA was extracted from fish muscle by a standard phe-
nol-chloroform protocol (Sambrook et al., 1989). Partial sequences 
of four mitochondrial genes of 12S ribosomal RNA (12S), 16S ri-
bosomal RNA (16S), cytochrome b (Cyt b), cytochrome c oxidase 
subunit I (COI) and one nuclear gene recombination activating gene 
2 (RAG2) were amplified by PCR with primers listed in Table S4. 
Amplifications were performed in 25 μl reaction mixture contain-
ing 17.5 μl water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl Taq 
polymerase, 1μl DNA template and 2 μl primers. The PCR was car-
ried out in a Biometra thermal cycler with 5 min initial denaturation 
at 95°C, and 35 cycles of 45 s at 94°C, 45 s at 48 ~ 50°C, and 45 s 
at 72°C and a final extension at 72°C for 10 min. PCR products 
were purified for cycle sequencing reactions. Bi-direction sequenc-
ing was conducted on an ABI Prism 3730 automatic sequencer 
(Applied Biosystems).

2.4 | Sequence alignment and data allocation

Multiple sequence alignments were performed using DNASTAR 
(DNASTAR Inc.) and Clustal X 2.1 (Larkin et al., 2007). All sequences 
were trimmed to minimize missing data and edited to 875 bp (12S), 
1,644 bp (16S), 583 bp (COI), 1,095 bp (Cyt b), and 802 bp (RAG2) 
for final analysis. Aligned sequences were deposited in GenBank 
(Table S1). The following analyses involved three data sets: (a) all COI 
sequences from this study and GenBank for cryptic diversity analy-
sis; (b) individual genes (12S, 16S, COI, Cyt b, and RAG2) and concat-
enated four mitochondrial genes for testing whether mitochondrial 
and nuclear gene trees are congruent; and (c) a concatenated DNA 

F I G U R E  1   Sampling locations of Sillaginidae species across the Indo-West Pacific Ocean: AEO, S. aeolus; ANA, S. analis; ASI, S. asiatica; 
ARA, S. arabica; ATT, S. attenuata; BAS, S. bassensis; BUR, S. burrus; CHO, S. chondropus; CIL, S. ciliata; FLI, S. flindersi; IND, S. indica; 
ING, S. ingenuua; JAP, S. japonica; MAC, S. maculata; PAN, S. panhwari; PAR, S. parvisquamis; PUN, Sillaginodes punctata; ROB?, S. robusta 
(suspected); SHA, S. shaoi; SIH, S. sihama; SIN, S. sinica; SUE, S. suezensis; VIN, S. vincenti. Numbers next to ING and SIH are cryptic species 
identified in this study

http://www.ncbi.nlm.nih.gov/genbank
http://www.barcodinglife.org
http://www.omicshare.com/tools
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matrix of all five loci (a single individual to represent each species) for 
phylogenetic analysis and divergence time estimation.

2.5 | Cryptic diversity analysis

A total of 146 COI sequences from 23 valid and two undescribed 
Sillaginidae species were used for Bayesian inference (BI) analysis by 
MrBayes v3.12 (Huelsenbeck & Ronquist, 2001). Outgroup selection 
was based on the phylogenetic hypotheses of Near et al. (2013) and 
Betancur-R. et al. (2013), including Callanthias japonicus (NC_034343), 
Lobotes surinamensis (AB355912), Therapon jarbua (NC_027281) and 
Larimichthys crocea (EU339149). Substitution model selection was 
conducted by a comparison of Akaike Information Criterion (AIC) 
scores (Akaike, 1974) with jModelTest v2.1.7 (Darriba et al., 2012), 
and a GTR+I+G model was accepted for the Bayesian procedure. 
Four Markov chains were run for 10,000,000 generations by sam-
pling the trees every 1,000 generations. After the first 2,500 trees 
(25%) were discarded as burn-in, the 50% majority-rule consensus 
tree and the Bayesian posterior probabilities were estimated using 
the remaining 7,500 sampled trees.

To define species on the basis of COI sequences, the Automatic 
Barcode Gap Discovery (ABGD) species delimitation tool was em-
ployed (Puillandre et al., 2012; Puillandre, et al., 2012). Briefly, ge-
netic distances from pairwise sequence comparisons of the same 
species are expected to be lower than those of different species. The 
range of genetic distances between the intra- and interspecific val-
ues can be used as a threshold to partition the barcodes into groups, 
each representing a hypothetical species or operational taxonomic 
units (OTUs). We used MEGA v5.05 (Tamura et al., 2011) to compute 
pairwise sequence comparison matrices with the p-distance, Kimura 
2-parameter (K2P) corrected distance, and the TN model-based dis-
tance; the matrices were then analysed in the ABGD species delinea-
tion tool (bioinfo.mnhn.fr/abi/public/abgd/). Moreover, a coalescent 
Bayesian species delimitation approach—Bayesian Phylogenetics 
and Phylogeography (BPP) analysis was also applied to clarify spe-
cies limits.

2.6 | Phylogenetic analysis

To provide a species-level phylogeny, we sampled a single individual 
to represent each species based on the results of cryptic diversity 
analysis. Due to unavailable sequences from certain species, only 
24 of the 31 OTUs were employed. Outgroup selection included 
Perca flavescens (KP866776), Therapon jarbua (JQ769505) and 
Larimichthys crocea (XM_010738853). The phylogenetic trees were 
constructed with maximum-likelihood (ML) analysis by PAUP* 4.0 
(Swofford, 2002) and partitioned BI analysis by Mrbayes v3.12. To 
test whether mitochondrial and nuclear gene trees are congruent, 
we conducted phylogenetic analyses using individual genes (12S, 
16S, COI, Cyt b, and RAG2), concatenated four mitochondrial genes, 
and concatenated all five genes, respectively. The best partition 

schemes and substitution models were estimated by a comparison of 
AIC scores with jModelTest v2.1.7. The GTR+I+G model was chosen 
as the best-fitting model for ML analyses, and the node reliability was 
estimated after 1,000 bootstrap replicates. For the Bayesian proce-
dure, a set of the optimal model strategy was selected for differ-
ent positions (the same GTR+I+G for four mitochondrial genes and 
HKY + I+G for the nuclear gene). Analyses were run for 10,000,000 
generations with the Markov chains being sampled every 1,000 gen-
erations. We determined the first 2,500 trees (25%) burn-in value, 
and finally, the 50% majority-rule consensus tree was estimated.

2.7 | Divergence time estimation

Bayesian molecular dating was implemented in BEAST v1.7.5 
(Drummond et al., 2012) to estimate the divergence time under 
the relaxed molecular clock model with an uncorrelated lognor-
mal distribution of rates. Same as phylogenetic analysis, 24 of the 
31 OTUs were employed with concatenated sequences of all five 
genes. We set a Yule speciation process for the tree prior and a best-
fitting GTR+I+G model estimated by jModelTest v2.1.7. The anal-
yses in BEAST were performed with five independent runs for 10 
million generations with trees sampled every 10,000 generations. 
Runs were checked for convergence diagnostics with Tracer v1.5.0 
(Rambaut et al., 2018). Four well-converged runs were combined in 
LogCombiner v1.7.5 with a burn-in of 25% for each run. The final 
tree was constructed with TreeAnnotator v1.7.5 and visualized in 
FigTree v1.3.1.

We used the default ucld.mean parameter (uniform) and prior 
distributions for all parameters except for calibration points derived 
from fossils and putative geological vicariant events. The calibration 
points defined in BEAUti v1.7.5 were as follows: (a) the minimum age 
of the fossil Sillago ventriosus (at 29.3–35.4 Ma; BEAUti input, mean 
32.35 Ma with SD = 1.55) as the time for the divergence of all remain-
ing Sillaginids (Steurbaut, 1984); and (b) the formation of Sundaland 
and Sahulland during the Pliocene (at 2.6–5.3 Ma; BEAUti input, mean 
3.95 Ma with SD = 0.70) as the age of divergence between Sillago aeo-
lus and Sillago maculata (Harrison et al., 2006; Mckay, 1992).

3  | RESULTS

3.1 | Cryptic diversity of Sillaginidae fishes

Based on the 146 COI sequences from 23 valid and two undescribed 
Sillaginidae species, a total of 31 genetically distinct OTUs were 
strongly supported by both priori ABGD (Table S5 and Figure S3) 
and coalescent BPP (Table S6) analysis. Moreover, the COI-based 
Bayesian tree (Figures 2 and S4) revealed identical topology with 
the OUTs and supported two highly diverged cryptic complexes in 
Sillago ingenuua (Figure 2a) and S. sihama (Figure 2b). These robust 
reciprocally monophyletic hidden clades, sharing significant genetic 
distances (Tables 1 and S5), remained to be finalized.
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A shallow dichotomous branch was detected in S. ingenuua with 
strong Bayesian posterior support (Figure 2a). One clade included 
specimens from China (Dongshan), Thailand (Songkhla) and Indonesia 
(Bali Island), while the other clade included specimens from Taiwan 
(Keelung) and Western Australia (EF609469). There was no signifi-
cant morphological difference, but 4.9% genetic distance, between 
the two S. ingenuua clades (Table S5). More interestingly, S. sihama, 
the most widely sampled Sillago species across the IWP, showed the 
highest intraspecific diversity (Table 1) and fell into eight highly diver-
gent clades (Figure 2b). Moreover, S. parvisquamis, S. indica, S. asiatica 
and two unnamed Sillago sp., which were morphologically similar to 
S. sihama, were also clustered into the S. sihama complex (Figure 2b). 
Furthermore, recently described S. sinica, S. suezensis, S. shaoi and 
S. panhwari were all originally misidentified as S. sihama until the tax-
onomic re-examinations and genetic evidence amended the errors.

To be specific, within the S. sihama complex, four main branches 
(clade I–IV) could be identified (Figure 2b). The S. sihama was re-
solved as two monophyletic groups with high support (clade II and 
IV). The clade II contained the most sampled specimens and was 
further divided into two sub-clades, where clade II-1 included S. si-
hama ① from adjacent seas of the Northwest Indian Ocean (India, 
Pakistan and Eritrea); three separate clades of S. sihama collected 
from Thailand (S. sihama ②), China (S. sihama ③) and Australia (S. si-
hama ④), respectively; the single specimen of Sillago sp. (Taiwan) and 
the valid S. vincenti (India) clade. Moreover, a suspicious sequence 
of S. robusta was misidentified with S. sihama ④ from Australia. On 
the other hand, clade II-2 contained S. indica (Pakistan), S. suezensis 
(Mediterranean) and S. sihama ⑤ collected from Karachi (Pakistan). 
Among the S. sihama from clade II, pairwise divergences ranged from 
1.8% (S. sihama ③ and ④) to 19.6% (S. sihama ① and ⑤) (Table 1). 

F I G U R E  2   Bayesian phylogenetic tree 
depicting S. ingenuua (a) and S. sihama 
(b) complexes based on COI sequences. 
The complete Bayesian phylogram is 
supplemented in Figure S4. Posterior 
probabilities are shown above the 
branches. Two S. ingenuua clades (①–②) 
are marked (a), and the S. sihama complex 
(b) are featured as four main clades (clade 
I–IV) and eight S. sihama clades (①–⑧) 
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Furthermore, the clade IV contained three S. sihama clades as well as 
the newly described S. panhwari, including S. sihama ⑥ from Karachi 
(Pakistan), S. sihama ⑦ from South Africa and another Chinese clade 
(S. sihama ⑧). Among the S. sihama from clade IV, pairwise diver-
gences ranged from 3.3% (S. sihama ⑥ and ⑦) to 6.2% (S. sihama 
⑦ and ⑧) (Table 1). As a matter of fact, such significant genetic dis-
tances among S. sihama complex revealed high level of Sillaginidae 
species diversity across the IWP. Currently, it is not possible to sug-
gest which one, if any, of these eight clades represents the “true” 
S. sihama, although Forsskål first discovered this species in 1775 in 
Lohaja, Red Sea.

Other than S. sihama from this complex, a polytomy including 
S. shaoi, S. sinica, S. parvisquamis and Sillago sp. (Zhanjiang) was 
well supported (clade I, Figure 2b). These species distributed in 
a limited range of the northwest Pacific Ocean and were placed 
as sister taxa of S. sihama from the IWP. Similarly, a trichotomous 
sister clade including S. asiatica, S. arabica and S. japonica was 
well resolved and had high nodal support (clade III, Figure 2b). 
These species could be easily distinguished based on morpho-
logical differences or barcoding gaps with the S. sihama complex 
(Table 1).

3.2 | Phylogeny of the Sillaginidae fishes

ML and BI analyses were performed with the individual gene and 
concatenated nucleotide data, respectively (Figures 3a and S5). The 
topology of these phylogenies remained consistent, and the mono-
phyly of Sillaginidae received unequivocal support in all analyses. 
The primary divergence within Sillaginidae was between the en-
demic southern Australia species (S. punctata and S. flindersi) and the 
remaining Sillaginidae taxa. Interestingly, as the monotypic genus, 
Sillaginodes (S. punctata) showed a close relationship with S. flin-
dersi from the diverse genus Sillago. In accordance with the cryptic 
diversity analysis, a similar S. ingenuua complex was presented and 
clustered with speckled species (S. aeolus and S. maculata), and they 
fell outside the main clade (Figure 3a). Thereafter, S. chondropus and 
S. attenuata split up, and then, a monophyletic clade, including S. asi-
atica and S. arabica, which appeared as sister taxa together with S. ja-
ponica separated. Finally, the S. sihama complex appeared as a sister 
taxon with the polytomy, including S. shaoi, S. sinica, S. parvisquamis 
and Sillago sp. (Zhanjiang) (Figure 3a).

Among the highly diverse S. sihama complex, most of them appeared 
basal to all S. sihama complex species, except S. sihama ⑤, which clus-
tered with the sympatric S. panhwari in the concatenated phylogeny. 
However, these positions were reversed in the COI-based analyses 
(Figure 2b), with S. sihama ⑤ associated with the sympatric S. indica, 
while S. panhwari was associated with S. sihama ⑥-⑧. Similarly, a tri-
chotomous clade comprising the Northwest Indian Ocean S. sihama ①, 
the Thai S. sihama ② and Chinese S. sihama ③ was first clustered with 
Sillago sp. (Taiwan) and then clustered with S. indica. Then, the Pakistan 
S. sihama ⑥ and Chinese S. sihama ⑧ were assembled together like 
the COI-based tree (Figure 2b). These phylogenetic patterns mirrored 

in both mitochondrial and nuclear genes were all well-supported, with 
a surprisingly distinct genetic difference among the S. sihama complex. 
The large S. sihama clade contained a striking cryptic diversity, to a cer-
tain extent, demonstrating high genetic diversity with the possibility of 
multiple cryptic species across the IWP.

3.3 | Morphology of swim bladder

The swim bladder of Sillaginidae is longitudinally elongated and situ-
ated below the vertebrae (Figure S2a). According to their phylogeny, 
the swim bladder could be well suited to the species in groups 1 and 
2, respectively. For example, the swim bladder has two PEs in Sillago 
group 1, while it has a single PE in group 2 (Table 2 and Figure 3b). A 
single simple AE is situated on the middle of the anterior margin of the 
swim bladder in most species of group 2, except S. attenuata, S. chon-
dropus and S. punctata, lacking an AE; whereas a pair of long AEs pass 
along the lateral side of the retractor dorsalis on both sides and reach 
the surface of the auditory capsule in group 1 species (Figure 3b).

The ALE, situated on the anterolateral portion of the swim blad-
der and directed anteriorly, is present in most group 1 and 2 species, 
except group 2 species S. arabica, S. attenuata, S. flindersi and S. chon-
dropus, lacking the ALE. The PSAE is mostly present in group 1 spe-
cies, which is short in S. panhwari, S. sinica and Sillago sp. (Zhanjiang) 
but long and near the posterior wall of the body cavity in other group 
1 species (Figure 3b). The swim bladder possesses a DLP originating 
from its ventral surface and reaching the urogenital opening in all 
Sillaginids (Figure 3b) except S. punctata and S. chondropus, lacking 
the DLP. The swim bladder also has LPs in various shapes and sizes 
on its lateral side which could attach to the anterior ribs. The LPs are 
small or bubble-like in S. aeolus and S. ingenuua, while large and saw-
tooth-like in S. sihama, S. indica and S. shaoi (Figure 3b), but absent 
from the rest of the species.

Moreover, HCA with the swim bladder morphometrics also di-
vided the Sillaginidae species into group 1 and 2, with only two ex-
ceptions that S. asiatica and S. maculata from group 2 clustered with 
Sillago sp. (Zhanjiang) from group 1 having developed swim bladders 
(Figure S6a). This is mainly due to that the ALE of S. asiatica and 
S. maculata is similar to group 1 species. PCA also returned very sim-
ilar patterns (Figure S6b). The first two PC axes accounted for 90.8% 
of swim bladder variation, with group 1 species clustered closely on 
PC1 and PC2, while S. asiatica and S. maculate were differentiated 
from both group 1 and 2 species.

3.4 | Molecular dating

When the root of the family was constrained to the Upper Oligocene 
(Lower Eocene maximum), our molecular dating analyses resulted 
in an estimate of 43.52 Ma (36.21–52.60 Ma, 95% HPD; Upper 
Eocene maximum) for the divergence between Sillaginidae and the 
outgroups (Figure 4). An older date of 46.87 Ma (37.81–58.28 Ma, 
95% HPD; Lower Paleocene maximum) was recovered for the 
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root of the tree, while younger dates were obtained for the diver-
gence in Sillaginidae from 31.82 Ma (Upper Oligocene) to 2.10 Ma 
(Pleistocene). In detail, the primary divergence within Sillaginidae, 
between the endemic southern Australia species (S. punctata 
and S. flindersi) and the remaining ingroup taxa, overlapped the 
Oligocene (Figure 4). Then, the divergence between S. punctata and 
S. flindersi was traced back to 29.76 Ma (25.16–33.82 Ma, 95% HPD; 
Upper Oligocene). With a constrained age of the common ancestor 
of S. aeolus and S. maculata based on its inferred sister-taxon rela-
tionship to S. burrus, their divergence occurred in the early Pliocene 
(4.28 Ma, 3.11–5.48 Ma, 95% HPD; Lower Miocene maximum). An 
estimated 28.55 Ma common ancestor was present among S. aeolus, 
S. maculate and the S. ingenuua complex, which split during Pliocene 
(3.34 Ma, 1.39–6.43 Ma, 95% HPD). Next, S. chondropus and S. at-
tenuata split during Lower Oligocene (29.17 Ma and 27.49 Ma, 
respectively). In Upper Miocene (22.3 Ma, 18.66–26.01 Ma, 95% 
HPD; Lower Oligocene maximum), a monophyletic clade including 
S. asiatica and S. arabica that appeared in 4.77 Ma (2.26–8.17 Ma, 
95% HPD; Neogene) was well supported and shared a common 

Miocene ancestor with S. japonica. The northwest Pacific Ocean 
polytomy (clade I in Figure 2b) and the Indo-West Pacific S. sihama 
complex were separated before 19.79 Ma (16.18–23.20 Ma, 95% 
HPD).

Within the northwest Pacific Ocean polytomy clade I, the ear-
liest divergence was S. parvisquamis (13.19 Ma), and the next di-
verging lineage was Sillago sp. (Zhanjiang) (10.95 Ma). The closely 
related endemic S. shaoi and S. sinica were placed at the end of the 
clade (6.11 Ma). Among the highly diverse S. sihama complex, the 
earliest divergence was S. sihama ⑤ and the sympatric S. panhwari 
was split during Miocene (15.19 Ma). The next diverging clade was 
the Chinese S. sihama ⑥ and the Pakistani S. sihama ⑧ (17.10 Ma), 
but their common ancestor was traced back to a recent date (2.65–
8.80 Ma, 95% HPD). Then, S. indica and Sillago sp. (Taiwan) split from 
Middle Miocene to Lower Miocene (11.77 Ma and 6.64 Ma, respec-
tively). The closely related Northwest Indian Ocean S. sihama ①, 
the Thai S. sihama ② and Chinese S. sihama ③ were placed at the 
terminal position in this clade with the recent Pleistocene common 
ancestor (Pliocene maximum, Figure 4).

TA B L E  1   Percent K2P distance matrix of Sillago sihama complex based on COI sequences

S. sihama

S. panhwari S. shaoi S. sinica S. parvisquamis S. vincenti S. indica S. suezensis S. asiatica S. arabica S. japonica
Sillago sp. 
(Zhanjiang)① ② ③ ④ ⑤ ⑥ ⑦ ⑧

S. sihama ①

S. sihama ② 5.2 ± 1.0

S. sihama ③ 3.8 ± 0.8 4.5 ± 0.9

S. sihama ④ 2.9 ± 0.7 4.3 ± 0.9 1.8 ± 0.5*

S. sihama ⑤ 19.6 ± 2.1 19.2 ± 2.1 18.6 ± 2.1 18.8 ± 2.1

S. sihama ⑥ 18.4 ± 2.0 16.7 ± 1.9 18.4 ± 1.9 18.1 ± 1.9 19.3 ± 2.1

S. sihama ⑦ 18.4 ± 1.9 17.5 ± 1.9 19.4 ± 2.0 18.6 ± 2.0 18.7 ± 2.0 3.3 ± 0.8

S. sihama ⑧ 18.0 ± 1.9 16.7 ± 1.9 18.0 ± 1.9 17.1 ± 1.9 20.4 ± 2.2 5.4 ± 1.0 6.2 ± 1.1

S. panhwari 20.5 ± 2.2 21.2 ± 2.2 21.2 ± 2.2 20.5 ± 2.1 22.9 ± 2.4† 17.7 ± 1.9 16.1 ± 1.8 19.7 ± 2.1

S. shaoi 20.9 ± 2.2 18.0 ± 2.0 19.8 ± 2.1 19.9 ± 2.1 22.2 ± 2.3 17.5 ± 2.0 17.9 ± 2.0 19.6 ± 2.1 22.2 ± 2.3

S. sinica 20.3 ± 2.2 20.5 ± 2.2 21.2 ± 2.3 20.0 ± 2.2 21.0 ± 2.2 18.8 ± 2.2 19.0 ± 2.1 19.2 ± 2.1 21.7 ± 2.2 12.4 ± 1.6

S. parvisquamis 21.6 ± 2.3 20.9 ± 2.2 21.0 ± 2.3 20.0 ± 2.2 20.3 ± 2.1 18.8 ± 2.1 19.3 ± 2.1 19.3 ± 2.1 21.4 ± 2.2 15.2 ± 1.7 16.9 ± 2.0

S. vincenti 13.8 ± 1.7 13.2 ± 1.7 13.3 ± 1.7 12.0 ± 1.6 20.1 ± 2.1 16.3 ± 1.8 16.6 ± 1.8 16.7 ± 1.8 22.9 ± 2.4 18.2 ± 1.9 18.2 ± 2.0 17.4 ± 1.9

S. indica 17.8 ± 2.0 18.1 ± 2.1 17.2 ± 2.0 16.5 ± 1.9 19.4 ± 2.2 21.4 ± 2.3 22.2 ± 2.4 21.7 ± 2.3 20.8 ± 2.3 22.3 ± 2.3 21.3 ± 2.3 20.3 ± 2.2 18.0 ± 2.1

S. suezensis 17.5 ± 2.0 18.2 ± 2.1 17.9 ± 2.1 17.5 ± 2.1 17.9 ± 2.0 20.2 ± 2.2 20.3 ± 2.2 20.5 ± 2.2 19.3 ± 2.1 21.2 ± 2.3 21.2 ± 2.4 19.5 ± 2.1 19.7 ± 2.3 8.4 ± 1.2

S. asiatica 19.2 ± 2.1 17.6 ± 2.0 17.6 ± 2.0 17.0 ± 2.0 20.2 ± 2.1 17.9 ± 2.0 18.0 ± 2.0 17.6 ± 2.0 20.3 ± 2.2 21.1 ± 2.2 20.8 ± 2.2 22.7 ± 2.3 19.3 ± 2.1 22.6 ± 2.4 19.4 ± 2.1

S. arabica 21.4 ± 2.3 20.3 ± 2.2 19.3 ± 2.1 19.1 ± 2.1 20.4 ± 2.1 17.7 ± 2.0 17.8 ± 2.1 17.8 ± 2.1 19.5 ± 2.1 20.0 ± 2.1 19.8 ± 2.1 20.7 ± 2.2 18.3 ± 2.1 22.1 ± 2.4 18.5 ± 2.1 5.7 ± 1.0

S. japonica 21.1 ± 2.3 20.2 ± 2.2 20.5 ± 2.3 19.3 ± 2.2 22.5 ± 2.3 20.1 ± 2.1 20.1 ± 2.1 19.8 ± 2.1 21.6 ± 2.3 21.2 ± 2.2 21.1 ± 2.2 22.7 ± 2.3 18.9 ± 2.1 22.0 ± 2.3 20.2 ± 2.2 22.0 ± 2.3 19.0 ± 2.1

Sillago sp. 
(Zhanjiang)

20.5 ± 2.1 18.9 ± 2.0 19.7 ± 2.1 19.0 ± 2.1 20.1 ± 2.1 18.5 ± 2.0 19.2 ± 2.1 19.5 ± 2.1 23.0 ± 2.4 17.0 ± 2.0 16.0 ± 1.9 19.5 ± 2.1 21.1 ± 2.2 21.9 ± 2.2 18.9 ± 2.1 21.5 ± 2.3 20.4 ± 2.2 18.8 ± 2.0

Sillago sp. 
(Taiwan)

11.7 ± 1.5 12.6 ± 1.6 11.5 ± 1.5 9.9 ± 1.4 20.4 ± 2.2 20.2 ± 2.1 21.1 ± 2.2 19.4 ± 2.0 22.2 ± 2.3 21.0 ± 2.2 20.7 ± 2.2 19.5 ± 2.1 14.4 ± 1.8 19.5 ± 2.1 18.6 ± 2.1 22.9 ± 2.4 20.8 ± 2.2 20.9 ± 2.2 21.2 ± 2.2

Note: Minimum (*) and maximum (†) divergences in S. sihama complex are in bold.
Ten congenerics S. panhwari, S. shaoi, S. sinica, S. parvisquamis, S. vincenti, S. indica, S. suezensis, S. asiatica, S. arabica and S. japonica as well as two  
unnamed Sillago sp. from the S. sihama complex in Figure 2b are included for comparison.
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4  | DISCUSSION

4.1 | Cryptic diversity of Sillaginidae fishes

As an indicator of cryptic speciation, a “10 × rule” has been proposed, 
whereby barcoded individuals are flagged as a possible cryptic spe-
cies if they diverge by 10 times or more than the average intraspe-
cific variability (Hebert et al., 2004). As the result, both ABGD and 
BPP species delimitation suggested a presence of 31 OTUs for the 
146 Sillaginidae specimens (Figure S3, Tables S5 and S6). The genetic 
distance among the 31 OTUs revealed at least 1.8% divergence (ex-
cept S. analis and S. ciliata with low interspecific variation indicated 
by COI; Krück et al., 2013), suggesting that each OTU may constitute 
a well separate species.

Moreover, S. ingenuua contained two genetic lineages across 
China, Thailand, Australia, and Indonesia that were separated at 
divergences 4.9% without apparent morphological or ecological 
differences. The presence of Wallacea Oceanic Trough between 
Sundaland and Sahulland during the Pliocene and Pleistocene may 
explain the differentiation between the China/Thailand/Indonesia 

clade and the Australian clade (Harrison et al., 2006). However, 
an unexpected Taiwan S. ingenuua population clustered into the 
Australian clade (Sahulland) rather than the Sundaland clade may at-
tribute to the unreliable sample source from a fish market in Keelung 
(Figure 1). It was therefore suggested that S. ingenuua may comprise 
at least two separate species across this region, possibly conflicting 
with the morphology-based taxonomy. Moreover, S. ingenuua was 
also found on the east coast of India (McKay, 1992), which could be 
another distinct clade owing to their isolated distribution with S. in-
genuua from this study.

The S. sihama was the most comprehensively sampled species 
across the IWP, and this complex exhibited by far the highest level 
of genetic diversity (Table 1), indicating that a series of S. sihama 
lineages were genetically represented at species level. These lin-
eages were separated by 1.8%–20.4% genetic divergence, some of 
which exceeded the differences separating S. sihama from conge-
nerics S. vincenti, S. indica and S. suezensis (minimum distance 12.0%; 
Table 1). These findings indicated that a thorough reappraisal of 
the current taxonomy of S. sihama (and its junior synonyms) was 
warranted.

TA B L E  1   Percent K2P distance matrix of Sillago sihama complex based on COI sequences

S. sihama

S. panhwari S. shaoi S. sinica S. parvisquamis S. vincenti S. indica S. suezensis S. asiatica S. arabica S. japonica
Sillago sp. 
(Zhanjiang)① ② ③ ④ ⑤ ⑥ ⑦ ⑧

S. sihama ①

S. sihama ② 5.2 ± 1.0

S. sihama ③ 3.8 ± 0.8 4.5 ± 0.9

S. sihama ④ 2.9 ± 0.7 4.3 ± 0.9 1.8 ± 0.5*

S. sihama ⑤ 19.6 ± 2.1 19.2 ± 2.1 18.6 ± 2.1 18.8 ± 2.1

S. sihama ⑥ 18.4 ± 2.0 16.7 ± 1.9 18.4 ± 1.9 18.1 ± 1.9 19.3 ± 2.1

S. sihama ⑦ 18.4 ± 1.9 17.5 ± 1.9 19.4 ± 2.0 18.6 ± 2.0 18.7 ± 2.0 3.3 ± 0.8

S. sihama ⑧ 18.0 ± 1.9 16.7 ± 1.9 18.0 ± 1.9 17.1 ± 1.9 20.4 ± 2.2 5.4 ± 1.0 6.2 ± 1.1

S. panhwari 20.5 ± 2.2 21.2 ± 2.2 21.2 ± 2.2 20.5 ± 2.1 22.9 ± 2.4† 17.7 ± 1.9 16.1 ± 1.8 19.7 ± 2.1

S. shaoi 20.9 ± 2.2 18.0 ± 2.0 19.8 ± 2.1 19.9 ± 2.1 22.2 ± 2.3 17.5 ± 2.0 17.9 ± 2.0 19.6 ± 2.1 22.2 ± 2.3

S. sinica 20.3 ± 2.2 20.5 ± 2.2 21.2 ± 2.3 20.0 ± 2.2 21.0 ± 2.2 18.8 ± 2.2 19.0 ± 2.1 19.2 ± 2.1 21.7 ± 2.2 12.4 ± 1.6

S. parvisquamis 21.6 ± 2.3 20.9 ± 2.2 21.0 ± 2.3 20.0 ± 2.2 20.3 ± 2.1 18.8 ± 2.1 19.3 ± 2.1 19.3 ± 2.1 21.4 ± 2.2 15.2 ± 1.7 16.9 ± 2.0

S. vincenti 13.8 ± 1.7 13.2 ± 1.7 13.3 ± 1.7 12.0 ± 1.6 20.1 ± 2.1 16.3 ± 1.8 16.6 ± 1.8 16.7 ± 1.8 22.9 ± 2.4 18.2 ± 1.9 18.2 ± 2.0 17.4 ± 1.9

S. indica 17.8 ± 2.0 18.1 ± 2.1 17.2 ± 2.0 16.5 ± 1.9 19.4 ± 2.2 21.4 ± 2.3 22.2 ± 2.4 21.7 ± 2.3 20.8 ± 2.3 22.3 ± 2.3 21.3 ± 2.3 20.3 ± 2.2 18.0 ± 2.1

S. suezensis 17.5 ± 2.0 18.2 ± 2.1 17.9 ± 2.1 17.5 ± 2.1 17.9 ± 2.0 20.2 ± 2.2 20.3 ± 2.2 20.5 ± 2.2 19.3 ± 2.1 21.2 ± 2.3 21.2 ± 2.4 19.5 ± 2.1 19.7 ± 2.3 8.4 ± 1.2

S. asiatica 19.2 ± 2.1 17.6 ± 2.0 17.6 ± 2.0 17.0 ± 2.0 20.2 ± 2.1 17.9 ± 2.0 18.0 ± 2.0 17.6 ± 2.0 20.3 ± 2.2 21.1 ± 2.2 20.8 ± 2.2 22.7 ± 2.3 19.3 ± 2.1 22.6 ± 2.4 19.4 ± 2.1

S. arabica 21.4 ± 2.3 20.3 ± 2.2 19.3 ± 2.1 19.1 ± 2.1 20.4 ± 2.1 17.7 ± 2.0 17.8 ± 2.1 17.8 ± 2.1 19.5 ± 2.1 20.0 ± 2.1 19.8 ± 2.1 20.7 ± 2.2 18.3 ± 2.1 22.1 ± 2.4 18.5 ± 2.1 5.7 ± 1.0

S. japonica 21.1 ± 2.3 20.2 ± 2.2 20.5 ± 2.3 19.3 ± 2.2 22.5 ± 2.3 20.1 ± 2.1 20.1 ± 2.1 19.8 ± 2.1 21.6 ± 2.3 21.2 ± 2.2 21.1 ± 2.2 22.7 ± 2.3 18.9 ± 2.1 22.0 ± 2.3 20.2 ± 2.2 22.0 ± 2.3 19.0 ± 2.1

Sillago sp. 
(Zhanjiang)

20.5 ± 2.1 18.9 ± 2.0 19.7 ± 2.1 19.0 ± 2.1 20.1 ± 2.1 18.5 ± 2.0 19.2 ± 2.1 19.5 ± 2.1 23.0 ± 2.4 17.0 ± 2.0 16.0 ± 1.9 19.5 ± 2.1 21.1 ± 2.2 21.9 ± 2.2 18.9 ± 2.1 21.5 ± 2.3 20.4 ± 2.2 18.8 ± 2.0

Sillago sp. 
(Taiwan)

11.7 ± 1.5 12.6 ± 1.6 11.5 ± 1.5 9.9 ± 1.4 20.4 ± 2.2 20.2 ± 2.1 21.1 ± 2.2 19.4 ± 2.0 22.2 ± 2.3 21.0 ± 2.2 20.7 ± 2.2 19.5 ± 2.1 14.4 ± 1.8 19.5 ± 2.1 18.6 ± 2.1 22.9 ± 2.4 20.8 ± 2.2 20.9 ± 2.2 21.2 ± 2.2

Note: Minimum (*) and maximum (†) divergences in S. sihama complex are in bold.
Ten congenerics S. panhwari, S. shaoi, S. sinica, S. parvisquamis, S. vincenti, S. indica, S. suezensis, S. asiatica, S. arabica and S. japonica as well as two  
unnamed Sillago sp. from the S. sihama complex in Figure 2b are included for comparison.
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The eight S. sihama clades from the complex represented sym-
patric and/or allopatric distribution with each other (Figures 1 and 
2b). For example, S. sihama ⑦ from the marginal area of South Africa 
was well supported, and this clade is living in the confluence of two 
major oceans (the Atlantic and the Indian) with different salinity, 
possibly limiting species distribution and causing divergence. On 
the other hand, as a relatively isolated continent, Australia has the 

distribution of S. sihama ④, which showed a close phylogenetic re-
lationship with S. sihama ③ from China (1.8%, Table 1). However, 
only a single individual sampled for S. sihama ④ and the huge geo-
graphic distance between these clades restricted our ability to eval-
uate the extent of its diversification. Moreover, S. sihama ② was not 
only found in Ranong but also in the Phuket Island of Thailand in 
our subsequent sampling, and possibly, this clade may distribute in 

TA B L E  2   Morphological characters of swim bladder in Sillaginidae species from group 1 and 2 according to their phylogeny

Group 1

Characters S. sihama S. indica S. panhwari S. shaoi S. sinica
Sillago sp. 
(Zhanjiang) S. parvisquamis

No. of PE 2 2 2 2 2 2 2

No. of AE 2 2 2 2 2 2 2

ALE 3 3 2 3 2 4 3

DLP 1 1 1 1 1 1 1

LP 1 1 0 1 0 0 0

Group 2

Characters S. asiatica S. arabica S. japonica S. attenuata S. chondropus S. ingenuua S. aeolus S. maculata S. flindersi
Sillaginodes 
punctata

No. of PE 1 1 1 1 1 1 1 1 1 1

No. of AE 1 0 1 0 0 1 1 1 1 0

ALE 4 0 1 0 0 1 1 3 0 1

DLP 1 1 1 1 0 1 1 1 1 0

LP 0 0 0 0 0 1 1 0 0 0

Abbreviations: AE, anterior extension; ALE, anterolateral extension; DLP, duct-like process; LP, lateral process; PE, posterior extension.

F I G U R E  3   Phylogeny of the family Sillaginidae with morphologies of the swim bladder. (a) Inferred phylogeny of the family Sillaginidae 
based on concatenated mtDNA and nucleic data using ML and BI. Numbers on branches are bootstrap percentages and Bayesian posterior 
probabilities. The scale bar represents the average number of substitutions per site. (b) Swim bladder of Sillaginidae species with inferred 
evolutionary trend as shown in panel (a)
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the whole Andaman Sea, which is influenced by a large quantity of 
freshwater run-off from the perennial rivers of Myanmar, Thailand 
and Malaysia. Intensive water evaporation during winter (Varkey 
et al., 1996) and the strong seasonal salinity variation due to heavy 
freshwater flow from rivers during the monsoon season make the 
unique hydrography of this area which contribute to the differenti-
ation of S. sihama ②. The S. sihama from the south Red Sea coupled 
with the specimens from India and Pakistan formed a Northwest 
Indian Ocean S. sihama ① clade, which had the sympatric distribu-
tion with Pakistan S. sihama ⑤ and ⑥ (19.3%, Figure 1). The increase 
of sampling area will help to determine the genetic integrity and bio-
geography of these OTUs, especially bathymetric data and feeding 
strategies may provide evidence to explain the differentiation in the 
Arabian Sea. In addition, S. sihama collected from China formed two 
distinct lineages (S. sihama ③ and ⑧), which were morphologically 
similar with little difference in swim bladder (Figure 3b), but with 
significant genetic difference (18.0%, Table 1). For the sympatric 
Chinese S. sihama ③ and ⑧ and sympatric Pakistan S. sihama ① and 
⑥, close genetic relationship was detected between S. sihama ③ 
and ① (3.8%) as well as S. sihama ⑥ and ⑧ (5.4%) (Figures 2 and 3), 
which indicated the common ancestors of S. sihama ③/① and S. si-
hama ⑥/⑧ diverged before they distributed into the two regions.

Deep molecular divergences in S. ingenuua and S. sihama may 
reveal cryptic species in the absence of apparent morphological or 
ecological differences. Fauna of the IWP has been subjected to com-
plex climatic and geological histories that have probably promoted 
vicariant isolation across widely distributed species. The intraspecific 
divergences in S. ingenuua may be associated with geographically 
isolated events, as divergence occurred along the known biogeo-
graphical barriers of Wallace, Huxley and Lydekker between Sunda 
and Sahul (Harrison et al., 2006). However, these earth historical 
processes cannot explain the fragmentation of S. sihama complex, 

which showed disproportionate genetic divergences comparing with 
geographical distances, for example the sympatric distribution of 
some S. sihama lineages in overlapping habitats always caught in the 
same net haul (e.g. Chinese S. sihama ③ and ⑧).

4.2 | Sillaginidae phylogeny with the swim bladder 
evolution: From simplicity to complex

Phylogenetic relationship among the diverse Sillaginidae fishes has 
never been closely examined with molecular data due to the lack 
of taxon sampling. In this study, the proposed topology strongly 
confirmed a new fundamental division among Sillaginidae species 
that differ from all existing taxonomic systems (Figure 3). Within 
this monophyletic group, three genera were originally diagnosed 
mainly based on the swim bladder morphology: Sillago, Sillaginopsis 
(S. panijus)—lacking swim bladder, and Sillaginodes (S. punctata)—
no DLP. Furthermore, McKay (1985) divided the genus Sillago into 
three subgenera: Sillaginopodys (S. chondropus) with a reduced swim 
bladder, Sillago with two PEs, and Parasillago with one simple PE. 
However, Kaga (2013) completed a morphological phylogeny of the 
family and presented a challenging five-genera system: Sillaginopsis, 
Sillaginodes, Sillago, Sillaginopodys, and Sillaginops (S. macrolepis). In 
fact, our results were different from McKay's taxonomy, with the 
monotypic genus Sillaginodes (S. punctata) closely related with S. flin-
dersi from the diverse genus Sillago, the subgenus Sillaginopodys 
(S. chondropus) insert into subgenus Parasillago, as well as subgenus 
Sillago located in the terminal of the phylogeny (Figure 3). Moreover, 
our proposed topology also differed from Kaga's five-genera sys-
tem even though only three genera were included (excluding mono-
typic genera Sillaginops and Sillaginopsis), where the genus Sillago 
is polyphyletic with genus Sillaginopodys (S. chondropus) inserted 

F I G U R E  4   BEAST phylogeny of the 
family Sillaginidae based on concatenated 
mtDNA and nucleic data with molecular 
clock date estimates. The tree is a 
chronogram, and mean age estimates (in 
Ma) are shown to the right of all nodes. 
Horizontal bars at nodes represent 95% 
highest posterior density (HPD) for age 
estimates
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(Figure 3a). More sampling, particularly the inclusion of key groups, 
will be necessary to resolve the internal relationships of Sillaginidae 
species. Moreover, based on the HCA and PCA, it was suggested 
that the swim bladder PE and AE could be the major characters sepa-
rating the group 1 and 2, whereas the ALE and PSAE could contrib-
ute to distinguish more diverse groups (Figure S6). However, with 
the existing swim bladder morphometrics, it is difficult to delimitate 
species within groups, especially for the cryptic species. More de-
tailed swim bladder metrics or other characters, like pelvic fin and 
vertebrate numbers, need to be developed to complement the spe-
cies delimitation in the further.

It has been inferred that the swim bladder of the family func-
tioned as a buoyancy regulator and an acoustical generator. Kaga 
(2013) inferred that the ancestral Sillaginidaes have lived near the 
bottom with a well-developed swim bladder and classified this fam-
ily into two groups: one having an evolutionary trend towards reduc-
ing the swim bladder; and the other one towards further refining the 
swim bladder (Figure S2b). In contrast, based on our phylogenetic 
hypothesis, the ancestral Sillaginidaes were inferred living near the 
bottom with an undeveloped swim bladder, while the closely associ-
ated group with a well-developed swim bladder (Figure 3). Therefore, 
it supported a process of swim bladder evolution from simplicity 
to complex, and its appendages or extensions are well-developed 
along with evolution. For example, all species in group 2 have an 
undeveloped swim bladder, especially S. chondropus and S. punctata 
(Figure 3b). McKay (1992) indicated that S. chondropus was demersal 
and might use the pelvic fin with the club-like first soft ray to stay on 
the bottom, and the absence of a swim bladder in S. panijus, suggest-
ing a demersal adaptation to muddy-water conditions. In contrast, 
group 1 species, as subgenus Sillago (McKay, 1992), always have two 
PEs and possess developed swim bladder appendages (Figure 3b), 
especially S. sihama, S. indica and S. parvisquamis all having a bifur-
cated AE directly extended to the otolith chamber. The swim blad-
der of these species is likely used not only for buoyance regulation, 
but also for the detection of sounds and vibrations in water. It could 
be inferred that the sensitivity to sound and vibration is gradually 
developed in accordance with the development of swim bladder ap-
pendages in Sillaginidae. For example, S. parvisquamis is extremely 
sensitive to sound and vibration which could be the evidence of the 
swim bladder sensory function (Kaga, 2013). Thus, it may reveal that 
the ancestral Sillaginids possessing an undeveloped swim bladder 
could be more adaptive to the benthic habitat than other Sillaginids 
with a well-developed swim bladder. This was also found in other 
benthic fishes of ammodytids, blenniids, hexagrammids and gobi-
oids, all lacking a swim bladder (Nelson et al., 2016).

4.3 | Retrospect and prospect for the taxonomy and 
conservation of Sillaginidae fishes

Divergence dating is a powerful tool to estimate the timing and 
origin of species, habitat shifts and diversification. The fossil-
constrained BEAST analysis revealed that Sillaginidae originated 

in the Eocene and started to radiate to the whole IWP during the 
Upper Oligocene (Figure 4). Based on the fragmentary fossil evi-
dence, McKay (1992) presented that the origin of Sillaginidae was 
probably in the Tethys Seaway during the Eocene, and then many 
Indo-Pacific Sillaginids had become endemics in the Miocene 
(Schwarzhans, 1984). Based on mitochondrial markers, sev-
eral studies have analysed the limited generic-level taxon about 
Sillaginidae (Gao et al., 2011; Xiao et al., 2016). Xiao (2015) in-
dicated that the origin of the genus Sillago was probably dated 
back to the Late Eocene based on six complete mitochondrial ge-
nome sequences. Even with limited species coverage, the broad 
pattern still seems clear from our data that the diversification 
of Sillaginidae species may originate from the south coasts of 
Australia and thereafter spread to the IWP range, with the swim 
bladder evolution from simplicity to complex.

The correct identification of species diversity is the premise 
and basis for the management and exploitation of marine fishery 
resources. With mitochondrial and nuclear genes, in this study, a 
comprehensive phylogeny was provided for an in-depth under-
standing of the cryptic diversity and diversification of Sillaginidae 
fishes. Our results suggested that there were at least one and seven 
additional clades in the S. ingenuua and S. sihama complexes, re-
spectively, which all reached the species level genetically, indicat-
ing at least 44 species in the family Sillaginidae. Therefore, cryptic 
species diversity should be taken into consideration for the delim-
itation of Sillaginidae fishery management units in the IWP. Given 
the complex cryptic diversity and normally uneven composition of 
sympatric Sillaginidae species in fishery catch, we suggested treat-
ing them as different management units in utilization of offshore 
fisheries resources. This means that fishing intensity needs to be 
allocated according to the species structure during the fisheries 
management. However, it is quite possible that more Sillaginidae 
species are still uncovered, which have always been the persistent 
challenge in species identification and may lead to the changes in 
species composition of fishery catches and ultimately influence the 
fishery activities. Therefore, exhaustive sampling and examination 
are still warranted, with more morphological (e.g. pelvic fin and ver-
tebrate number) and ecological (temperature and salinity) charac-
teristics required in the future along with the genetic evidence in 
taxonomic classification.
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