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ARTICLE INFO ABSTRACT

Keywords: The Clupeiformes, including among others herrings, anchovies, shads and menhadens are ecologically and
Clupeiform fishes commercially important, yet their phylogenetic relationships are still controversial. Previous classification of
Clupeidae

Clupeiformes were based on morphological characters or lack of synapomorphic characters. More recent studies
based on molecular data as well as new morphological evidence are keeping challenging their phylogenetic
relations and there is still no consensus on many interrelationships within the Clupeiformes. In this study, we
collected nuclear sequence data from 4,434 single-copy protein coding loci using a gene-capture method. We
obtained a robust phylogeny based on 1,165 filtered loci with less than 30 % missing data. Our major findings
include: 1) reconfirmation of monophyly of the Clupeiformes, that is, Denticipitidae is sister to all other clu-
peiforms; 2) the polyphyletic nature of dussumieriids and early branching of Spratelloididae from all other
clupeoids were confirmed using datasets curated for less missing data and more balanced base composition in the
respective taxa. The next branching clade is the monophyletic Engraulidae. Pristigasteridae also is monophyletic,
but it was nested in the previously defined “Clupeidae”. Within Pristigasteridae there is no support for mono-
phyletic Pelloninae. Chirocentrus is close to Dussumieria and not to engraulids. The miniaturized Sundasalanx is
placed close to the ehiravine Clupeonella, however, with a relatively deep split. The genus Clupea, is not part of
the diverse “Clupeidae”, but part of a clade containing additionally Sprattus and Etrumeus. Within the crown
group clades, Alosidae and Dorosomatidae are retrieved as sister clades. Based on new fossil calibration points,
we found that major lineages of the clupeiforms diverged in the late Cretaceous and early Paleogene. The
extinction event at the end of the Cretaceous may have created ecological niches, which could have fueled the
diversification of clupeiform fishes. Based on the strong evidence of the present study, we propose an updated
classification of Clupeiformes consisting of ten families: Denticipitidae; Spratelloididae; Engraulidae (Engrauli-
nae + Coiliinae); Clupeidae; Chirocentridae; Dussumieriidae; Pristigasteridae; Ehiravidae; Alosidae,
Dorosomatidae.
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Q. Wang et al.
1. Introduction

Herrings and allies, i.e. Clupeomorpha sensu Greenwood et al.
(1966) or Clupei sensu Wiley and Johnson (2010), presently comprise
435 extant species (Fricke et al., 2022). These herrings, anchovies,
menhadens, shads and allies mostly inhabit coastal marine and eury-
haline waters with half of the diversity occurring in the Indo-West Pa-
cific. About 18 % of all species primarily inhabit freshwater habitats
(Nelson et al., 2016) and about 7 % of the species show an anadromous
lifestyle (Bloom et al., 2018). Many herring-like species have been of
significant importance as food source for humans as they live in surface
waters close to shore in large schools. Approximately 18 % of the global
fishery catches, i.e. about 16 million tons of a total of 92.5 million tons
are Clupei (FAO, 2021). For example, despite its small size the ancho-
veta (Engraulis ringens) is the most commonly caught species repre-
senting about 10 % (in weight) of the worldwide fisheries catches (FAO,
2020). Due to the high ecological and economic importance of these
Clupei species, their stock assessment, life history and taxonomy have
been extensively studied. Also, many attempts to resolve the phyloge-
netic intrarelationships of the Clupei have been undertaken. However,
several contradictory hypotheses have been published in the last de-
cades (Bloom et al., 2018; Bloom and Lovejoy, 2012, 2014; Di Dario,
2009; Grande, 1985; Lavoué et al., 2014, 2013, 2017; Li and Orti, 2007;
Miyashita, 2010; Nelson, 1967, 1970b; Whitehead, 1985; Wilson et al.,
2008), and as of today the evolutionary relationships of Clupei are not
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resolved with confidence (Fig. 1).

Before the seminal work of Greenwood et al. (1966), herring-like fish
were usually lumped together with many other ‘basal’ teleost taxa
forming the Isospondyli (e.g., Cope, 1871; Regan, 1909). Although their
position within the teleosts was vague over decades, synapomorphies
such as the recessus lateralis, intracranial diverticula of the swim bladder
or the fusion of the second hypural to the first ural centrum provided
good evidence for their monophyly. Grande (1985) extensively inves-
tigated the intrarelationships of the Clupei based on morphology. Few
studies added morphological details to this (Di Dario, 2002, 2009;
Miyashita, 2010; Sato, 1994). These studies, as well as morphological
studies on Denticeps (Greenwood and Chandler, 1960; Greenwood,
1968a, 1968b) all agreed that Denticeps represents the sister-group to all
other recent herring-like fish. However, morphological investigations
were inconsistent in their phylogenetic placement for some taxa, e.g.
Chirocentrus or pristigasterids, or the coverage and intrarelationships of
‘true herrings’, the family Clupeidae sensu lato. In the advent of mo-
lecular phylogenetics, from 2007 onwards several molecular studies
have been published testing phylogenetic hypotheses for the Clupei
(Bloom et al., 2018; Bloom and Lovejoy, 2012, 2014; Lavoué et al.,
2014, 2013, 2017; Li and Orti, 2007). However, hitherto published
molecular phylogenies are partially contradicting or contain polytomies.
For example, the intrarelationships within the crown-group, the Clu-
peidae sensu lato, largely remained unresolved, and dussumieriids are
paraphyletic containing taxa distributed across the entire clupeiform
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Fig. 1. Selected morphological (upper row from Grande, 1985; Sato, 1994; di Dario 2009) and molecular (lower row from Li & Orti, 2007 based on 12's, 16 s, ragl
and rag2 genes; Lavoué et al., 2014 based on mitochondrial genomes; Bloom and Egan, 2018 based on cytb, 16 s, ragl and rag2 genes) hypotheses on the phylogeny
of Clupeiformes.
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phylogeny. In some studies Clupei do not form a monophyletic clade as
Denticeps was recovered as sister to all other Clupei and Ostariophysi
(Bloom and Lovejoy, 2014) or Denticeps was more closely related to
Ostariophysi than to other Clupei (Fig. 1) (Li and Orti, 2007).

Several studies have shown that base composition and GC biases are
crucial metrics in phylogenetics and phylogenomics. Heterogeneity
among loci of the analyzed taxa often provide misleading signal during
phylogenetic tree reconstruction, i.e. detection of natural selection and
estimation of codon usage certainly influences downstream molecular
evolution analyses (Bossert et al., 2017; Romiguier and Roux, 2017). A
reason for the difficulties in resolving the molecular phylogeny may be
found in biased base composition of some taxa. Li and Orti (2007)
revealed that Denticeps clupeoides had the lowest GC content among all
species of Clupei. The analysis on of Li and Orti (2007) on RY-coded data
considering base compositional bias, rejected the close evolutionary
relationship between Denticeps and Ostariophysi over Denticeps and
Clupei which provided support for the morphology-based phylogenies.
Nevertheless, a phylogeny with Denticeps as sister to the euteleost
Oncorhynchus, Ostariophysi as sister to most Clupei, and Spratelloidinae
as sister to all clupeocephalans was recently published (Fig. 1) (Bloom
and Egan, 2018) and thus opened again the controversy of the associa-
tion of Denticipitoidei with Clupeoidei.

A comprehensive investigation of the intrarelationships of Clupei
should be based on both phylogenomic approach as well as a large taxon
sampling. Advancing molecular techniques provide constantly
improved methods to obtain not only larger but also tailored datasets to
study evolutionary interrelationships. Remaining challenges of such
datasets involve systematic errors and/or methodological artifacts.
Systematic errors are for example incomplete lineage sorting, horizontal
gene transfer, or uneven GC content across species (Li, 2007). Method-
ological artifacts include, e.g., improper phylogenetic approaches,
inadequate character sampling, or incomplete taxon sampling (Li,
2007). The current trends in molecular phylogenetics are towards
assembling large data matrices. Robust probabilistic models coupled
with genome-scale datasets usually can accommodate heterogeneity
among sites and sampling errors that aid to resolve systematic errors
within a phylogenetic tree (Li, 2007). Meanwhile, high-throughput
(next-generation) sequencing permits us to surmount limitations of
data quantity for a large number of taxa in a rapid and cost-effective
manner (Finstermeier et al., 2013; Oliveira et al., 2018; Prum et al.,
2015).

Target gene capture, also known as target enrichment, is based on
hybridizing RNA/DNA baits (probes) to DNA libraries of targeted spe-
cies and fishing for sequences of thousands of loci for subsequent high-
throughput sequencing. Target gene capture relies on selective enrich-
ment of chosen genomic regions by hybridization to probes. These
probes are short DNA or RNA molecules (~70-150 nucleotides)
designed to capture usually exons or other conserved regions of the
genome (Oliveira et al., 2018), which have been adopted for a variety of
invertebrates and vertebrates (Crawford et al., 2012; Faircloth et al.,
2012; Hugall et al., 2016; Jiang et al., 2019; Kuang et al., 2018; Lemmon
et al., 2012; Li et al., 2013; Mayer et al., 2016; McCormack et al., 2012;
Straube et al., 2015; Straube et al., 2018; Teasdale et al., 2016; Yuan
etal., 2016). An adjusted gene capture method has been developed by Li
et al. (2013) to target and isolate thousands of genes of interest across
divergent taxa which is highly applicable for molecular systematics and
evolutionary genetics (e.g. Jiang et al., 2019; Kuang et al., 2018; Straube
et al., 2015; Yuan et al., 2016).

Here we applied target gene capture to sequence thousands of loci
from samples representing the Clupei for retracing their phylogenetic
relationships. The aims of this study are to: i) resolve controversial re-
lationships among and within the families of the Clupei; ii) examine the
effect of GC bias and missing data on the phylogenetic position of
Spratelloidinae lineage; iii) provide a robust phylogeny of the Clupei
allowing for fossil-calibrated divergence time estimation; and iv) pro-
pose a new classification for the Clupei.
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2. Material and methods
2.1. Taxon sampling and DNA extraction

Over a time period of 12 years (2005-2018), specimens were
collected and preserved from 14 countries covering major water bodies
of clupeid distribution ranges. After initial morphological observations,
fin or muscle tissues were directly fixed in 70 % to 100 % molecular
grade ethanol. In total, tissues from 178 samples were obtained and
preserved at 4 °C until DNA extraction. The sampled taxa represent 66
species (15 % of 436 species) and 39 genera (47 % of 83 genera) from all
extant clupeiforms (Fricke et al., 2022; Lavoué et al., 2013). Three
species were collected as out groups from the orders Gymnotiformes
(Apteronotus albifrons), Siluriformes (Ictalurus punctatus) and Char-
aciformes (Pygocentrus nattereri). Besides these outgroups stated above,
genomes of Danio rerio (GCA_000002035) and Lepisosteus oculatus
(GCA_000242695) were retrieved from the NCBI repository to extract
orthologous genes and to use as outgroup as well. Sample details are
listed in Appendix A, Table S1. Total genomic DNA was extracted from
tissues using Ezup Column Animal Genomic DNA Purification Kit
(B518251; Sangon Biotech, Shanghai, China) following the manufac-
turer’s instructions. The concentration of extracted DNA was measured
using a NanoDrop 3300 Fluorospectrometer (Thermo Fisher Scientific,
Waltham, MA, USA).

2.2. Cross species gene enrichment and sequencing

Ilumina® DNA library preparation and target gene capture were
carried out following Meyer and Kircher’s (2010) protocol with some
modifications (Li et al., 2013) to harbor target loci from divergent taxa.
Prior to library preparation, the genomic DNA was fragmented using a
M220 Focused-ultrasonicator (Covaris, Inc., MA, USA). A total of 500 ng
of DNA was diluted in 270 pl and sonicated for each sample. DNA was
sheared to pieces around 250 bp length. Length distribution of DNA
fragments was checked visually using agarose gel electrophoresis. Illu-
mina universal adapters were subsequently ligated to the sheared DNA
fragments. The adapters contained 6 bp inline-indices after repairing the
blunt ends that later aided to identify the cross contamination (Wang
et al., 2022).

A suite of 4,434 single-copy nuclear exon markers for all ray-finned
fishes was developed by Jiang et al. (2019). RNA-baits targeting these
loci were designed based on sequences of Denticeps clupeoides and Ilisha
elongata (both Clupeiformes) (#ClupeiformsV2, Daicel Arbor Bio-
sciences, Ann Arbor, MI 48103, USA). The baits were used for hybridi-
zation following the MYbaits-manual-v3 protocol (Daicel Arbor
Biosciences, Ann Arbor, MI 48103, USA) with some modifications
described in Huang et al. (2021). Every sample was enriched twice
during exon capture in order to increase the proportion of on-target
reads as shown in e.g. Li et al. (2013). The amplified DNA library
generated from the first enrichment experiment was used as basis for the
2nd round of capture. After the second enrichment, each sample was
amplified with indexed primers so that all samples could be pooled
together for sequencing and then the sequenced reads could be distin-
guished by their index. The concentration of twice enriched and
amplified libraries was measured using a NanoDrop 3300. The samples
then were pooled equimolarly (typically 12-16 samples per pool). Gel-
based fragment size selection was conducted using a QIAquick Gel
Extraction Kit (Cat #28706; QIAGEN China, Shanghai, China). DNA
fragments larger than 1 kb were removed to insure high sequencing
quality. The pooled samples were sequenced for 150 bp pair-end reads
on an Illumina HiSeq 2500 sequencer by GENEWIZ (Suzhou, China).

2.3. Data preparation and read assembly

The raw sequencing reads were processed and assembled using the
Assexon pipeline (Yuan et al., 2019). Assexon includes two major steps,
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sequence quality control and assembly before sequence alignment. Raw
files returned from the sequencer were demultiplexed according to the
index on the P7 adapter and the inline index. Adapter sequences and
low-quality sites (Q < 20) were trimmed from the reads using cutadapt
(v3.2) (Martin, 2011) included within the wrapper tool ‘trim_galore
(v0.6.4) (http://www.bioinformatics.babraham.ac.uk/projects/tri
m_galore/). PCR duplicates were excluded by using the “-bfastx_uni-
ques” command in USEARCH (v10.0.240) (Edgar, 2010). Unique reads
were parsed to targeted loci using the UBLAST algorithm implemented
in USEARCH (v10.0.240) which allows to accept low identity reads.
Preliminary contigs were assembled by using SGA v0.10.15 (Simpson
and Durbin, 2012), where the maximum number of edges was kept even
for reads with low sequencing-depth. Exonerate v2.2.0 (Slater and Bir-
ney, 2005) was used to select edge and extract candidate exons.
Reciprocal BLAST strategy was carried out to predict putative orthologs
in candidate exons. Alignment length, GC content, percentage of missing
data and average pairwise distance were calculated using a custom Perl
script (statistics.pl; Yuan et al., 2019).

2.4. Phylogenetic tree reconstruction and taxon filtering

Sequences were aligned using MAFFT (v7.475) (Katoh and Standley,
2013). We constructed three different datasets allowing for different
levels of missing data for phylogenetic analysis. First, only loci with less
than 30 % missing taxa in the single locus alignments were included for
analyses (dataset 1). In the second dataset, we included loci with less
than 70 % missing taxa (dataset 2) and in the third approach, we
included all loci independent of the amount of missing data (dataset 3).
The custom Perl script pick_taxa.pl —-min_seq obtained from Yuan et al.
(2019) was used for this step. An initial data partition scheme was
created using another custom Perl script (Appendix A, extract DNA-
blocks.pl) based on gene and codon position. PartitionFinder2 (Lanfear
et al.,, 2017) was subsequently used to search for the best partition
scheme under the GTR + G model and the rclusterf searching algorithm.
Across all partitions, branch lengths were set as linked, and model se-
lection was based on AICc criteria. The maximum likelihood phylogeny
based on the concatenated datasets were reconstructed using IQ-TREE
v2.1.2 (Minh et al., 2020) (-m GTR + G -spp partition_file -bb 1000)
and RAXML v8.2.12 (Stamatakis, 2014) (-f a -p 12,345 -m GTRGAMMA
-# 500 -x 12,345 -q partition_file) respectively applying the GTR + G
substitution model to each partition. Two differently partitioned ana-
lyses were performed for each of the three datasets. The first used a
partition scheme of codon position, and the second applied the best
partition scheme resulting from the PartitionFinder2 analysis.

As preliminary results suggested that the spratelloidines split early
from the other Clupeoidei (Fig. 1), many loci showed missing data as
well as biased GC content in this group (Appendix A, Fig. S1 and S2). We
selected from dataset 1 for loci that had sequence information for all
spratelloidines (Jenkinsia lamprotaenia, Spratelloides delicatulus and
Spratelloides gracilis) to reconstruct the phylogeny to test whether the
basal position of this group was an artifact due to missing data (pick -
taxa.pl; Yuan et al., 2019). Similarly, we filtered out loci which had more
than 10 % difference in average GC content in the third codon position
between the spratelloidines and the other clupeoids to test whether
biased GC content falsely led to their basal position in the resulting tree
(Appendix A, gccontent.pl, sift_ge.pl). Phylogenetic reconstruction using
the matrices with less missing data and balanced GC content of the
Spratelloidinae followed the same procedure as above.

2.5. Fossil calibration

To select the 100 most clock-like loci for divergence time estimation
from dataset 1, the global likelihood ratio of each gene was calculated by
comparing a tree with a strict molecular clock enforced against a tree
without constraints reconstructed for each gene. Under the null hy-
pothesis, the phylogeny was rooted and the branch lengths were
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enforced to be clock-like. Under the alternative hypothesis, each branch
was allowed to vary independently. The likelihood of each gene tree
with and without enforcing the molecular clock was estimated using
PAUP* 4.0a (Swofford, 2002). The probability of no difference between
the alternative and null hypothesis was calculated based on the likeli-
hoods from above using the custom Perl script clocklikeness_test.pl from
Yuan et al. (2019). Outgroups of the Clupeiformes were excluded from
the analysis. BEAUti v2.6.6 was used to create the XML file as input file
for BEAST v2.6.6 (Bouckaert et al., 2014). Data were partitioned by
three codon positions. Site models were unlinked across partitions,
while clock models and trees were linked. The substitution model was
GTRGAMMA with a substitution rate of 1.0, 4 Gamma category count
and 1.0 as shape parameter. A relaxed clock log normal model and a
birth-death tree model was applied. The chronogram estimation based
on the maximum likelihood tree derived from dataset 1 was calibrated
with fossil node dating (listed in the following paragraph) using a
penalized likelihood method provided in R package ape v5.5 with the
function “chronopl” (-lambda 1) was used (Sanderson, 2002). The XML
file was edited to select the chronogram estimation (ultrametric tree) as
a starting tree instead of a random starting tree for the BEAST analysis to
avoid potential failure of the BEAST run. The weight of the four pa-
rameters: Birth Death Subtree Slide, Narrow, Wide and Wilson-Balding
were removed to fix the tree topology in the BEAST run. The BEAST
analysis was run twice with 20,000,000 generations of MCMC, and
parameter sampling every 1,000 generations. The MCMC log files were
examined in Tracer v.1.7.2 (Rambaut et al., 2018) to assess convergence
and calculate effective sample sizes (ESS) of various parameters. Tree
files from the two runs were combined with LogCombiner v.2.6.6 with
20 % Burn-in (Drummond and Rambaut, 2007). TreeAnnotator v.2.6.6
(Drummond and Rambaut, 2007) was used to make a maximum clade-
credibility (MCC) tree with means and 95 % highest posterior density of
divergence times. FigTree v.1.4.4 (https://tree.bio.ed.ac.uk/software
/figtree/) was used to view and edit the resulting trees.

Six calibration points were selected as priors for divergence time
estimation. The fossil calibration nodes were used for setting:

1. A hard minimum age, 125 Ma and 95 % soft maximum age,
150.94 Ma (mean, 1.9; standard deviation, 0.8; offset 125) were applied
to the ancestral node of the Denticipitidae and the rest families. Fossils
used for calibration: Min. 125 Ma {Pseudoellimma gallae De Figueiredo,
2009 from Atol Quarry, Sao Miguel dos Campos, Alagoas, Brazil (De
Figueiredo, 2009a); soft max 150.94 Ma tTischlingerichthys viohli Arra-
tia, 1997 from Miihlheim, Bavaria, Germany (Arratia, 1997, 2001;
Benton et al., 2015).

2. A hard minimum age, 5.333 Ma and 95 % soft maximum age, 125
Ma (mean, 3.47; standard deviation, 0.8; offset, 5.333) were applied to
the ancestral node of Spratelloides gracilis and Spratelloides delicatulus.
Fossils used for calibration: Min 5.333 Ma, Spratelloides gracilis from
Oran, Algeria (Arambourg, 1927; Sorbini, 1987); soft max 125 Ma
{Pseudoellimma gallae De Figueiredo 2009.

3. A hard minimum age, 54.05 Ma and 95 % soft maximum age, 125
Ma (mean, 2.94; standard deviation, 0.8; offset 54.05) were applied to
the ancestral node of the Clupeidae, Pristigasteridae, Engraulidae, genus
Dussumieria and Etrumeus teres. Fossils used for calibration: Min 54.05
Ma t{Clupeopsis straeleni Casier, 1946 from the Dubois clay pit, Chievres,
Belgium (Capobianco et al. 2020); soft max: 125 Ma f{Pseudoellimma
gallae De Figueiredo, 2009.

4. A hard minimum age, 48.5 Ma and 95 % soft maximum age, 54.05
Ma (mean, 1.7; standard deviation, 0.8; offset 48.5) were applied to the
ancestral node of all taxa in the Engraulidae group. Fossils used for
calibration: Min 48.5 Ma fEoengraulis fasoloi Marrama and Carnevale,
2016 from the site Pesciara Cave, Monte Bolca locality, Italy (Marrama
and Carnevale, 2016); soft max: 54.05 Ma {Clupeopsis straeleni Casier,
1946.

5. A hard minimum age, 5.333 Ma and 95 % soft maximum age,
54.05 Ma (mean, 2.57; standard deviation, 0.8; offset 5.333) were
applied to the ancestral node of Etrumeus teres and all taxa in the
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Clupeinae group. Fossils used for calibration: Min 5.333 Ma {Etrumeus
boulei Arambourg, 1925 from Oran, Algeria (Arambourg, 1927; Grande,
1985); soft max: 54.05 Ma {Clupeopsis straeleni Casier, 1946.

6. A hard minimum age, 27.82 Ma and 95 % soft maximum age,
54.05 Ma (mean, 1.95; standard deviation, 0.8; offset, 27.82) were
applied to the ancestral node of Alosinae and Dorosomatinae. Fossils
used for calibration: Min 27.82 Ma {“Alosa” aralensis Khisarova, 1977
from the locality Sarybaur in the Northern Aral Sea, Agyspe, Kazakhstan
(Khisarova, 1977); Soft max: 54.05 Ma {Clupeopsis straeleni Casier, 1946.

3. Results
3.1. Sequencing results and assembly

Nlumina sequencing generated 798,425,826 raw reads, i.e. an
average of 11,406,083 reads per sample. After parsing reads, adapter
trimming and excluding low quality reads, an average of 11,402,939
reads per sample were available for further processing. The smallest
number of reads per sample was 1,180,452 (CL141, Ictalurus punctatus)
and the largest was 78,276,866 (CL531, Laeviscutella dekimpei). In total
4,108 (92.6 %) loci were assembled, an average of 1,691 loci per sample.
Samples with less than 900 loci (21 %) assembled were removed, except
for the sample of Dussumieria elopsoides due to the importance of this
sample for testing the hypothesis of monophyletic dussumieriids. The
final dataset comprised 72 taxa in total after removing redundant
samples of the same species except that two samples of Sardinella long-
iceps were kept. The average alignment length per locus was 253 bp,
average GC content 55 %, average missing data in alignment sequence
3.8 %, and average pairwise distance 0.14 in 4,053 genes. All details
about the raw reads are supplemented in Appendix A, Table S2 and
Fig. S3.

3.2. Phylogenetic relationships

Dataset 1 comprised 1,165 loci with a total alignment length of
206,130 bp. The maximum likelihood tree built with IQTREE based on
dataset 1 is shown in Fig. 2. All internal nodes had a bootstrap support >
95 % except for a node in the genus Sardinella (78 %) and a node in
Anchoa (93 %) (Fig. 2). The RAXML tree had the same topology with
only small difference of bootstrap values on some nodes (Appendix A,
Fig. S4). The Clupei are monophyletic, with Denticipitidae as the sister-
group to all other Clupei. The dussumieriids, i.e. Dussumieriinae sensu
Grande (1985), are not monophyletic, as Jenkinsia and Spratelloides are
sister to other clupeoids, separated from Etrumeus and Dussumieria,
which were not grouped together either (Fig. 2).

To test whether the basal placement of spratelloidines was an artifact
due to missing data, we reconstructed the tree with 417 loci from dataset
1 filtered for missing data in the respective species. The results still
supported the early branching of the spratelloidines within the Clu-
peoidei clade (Appendix A, Fig. S5). We also filtered out the loci that had
more than 10 % difference in GC content between the spratelloidines
and the other clupeoids. The phylogenetic analysis of these remaining
465 loci still supported the early splitting of the spratelloidines from the
other clupeoids (Appendix A, Fig. S6). There were 438 loci left when we
included only loci that had less than 10 % missing taxa. The resulting
tree showed a similar topology compared to the tree built on 1,165 loci,
except some divergent interrelationships within the Dorosomatinae
(Appendix A, Fig. S7).

Pristigasterids are monophyletic, but within this taxon there is no
support for monophyletic Pelloninae. Chirocentrus is close to Dussumieria
and not to engraulids. The miniaturized Sundasalanx is placed close to
the ehiravine Clupeonella, however, with a relatively deep split. The
genus Clupea, is not part of the diverse crown-group, but part of a clade
containing additionally Sprattus and Etrumeus. Within the crown group,
clades are found which correspond to the subfamilies and tribes reported
by Sato (1994), i.e. Dorosomatinae, Pellonulinae, Escualosini,
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Sardinellini and Alosini. The genus Sardinella, however, apparently is
not monophyletic.

3.3. Divergence time analyses

Two independent BEAST v2.6.6 runs of the 100 clock-likeness genes
reached stationarity after 2 million generations. Effective sample sizes
for all parameters were greater than 200. The mean divergence time for
each node and its 95 % higher posterior densities (HPDs) intervals are
shown in Fig. 3. The origin of crown Clupei is estimated to be in the Early
Cretaceous (130.82 Ma, CI: 125.5-138.9 Ma). The Spratelloididae (91.4
Ma, CI: 76.09-107.26 Ma) and possibly the Engraulidae (71.58 Ma, CI:
62.97-80.72 Ma) diverged in the Cretaceous, but the rest of the families
diverged very close or after the end of the Cretaceous (66 Ma). The
crown groups of the Engraulidae (50.28 Ma, CL:48.64-53.11 Ma),
Ehiravidae (45.87 Ma, CI: 37.86-53.87 Ma), as well as split between
Alosidae and Dorosomatidae (52.92 Ma, CI: 44.77-60.95 Ma), appeared
in the Paleogene to Eocene. On the contrary, crown Pristigasteridae
(26.91, CI: 20.47-34.17), Dussumieriidae (11.94, CI: 6.67-17.64) and
Alosidae (19.7 Ma, CI: 13.44-26.75 Ma) likely appeared during the
Oligocene to Miocene.

4. Discussion

4.1. Monophyly of the Clupeiformes and phylogenetic position of
Denticeps

The extant Denticeps occurs in coastal freshwaters in the area of and
around the Niger Delta in West Africa, predominantly from southeast
Benin to northwest Cameroon while the fossil {Paleodenticeps tanganikae
was recorded from the Eocene in East Africa (Clausen, 1959; Greenwood
and Chandler, 1960). Prominent denticles on roofing bones of the skull
and a complete lateral line are the characters that distinguish Denticeps
from all other recent herring-like fishes (Clausen, 1959). Based on
several additional morphological characters Denticeps has been unam-
biguously considered as the sister taxon to all other Clupeiformes
(Grande, 1985; Greenwood, 1968b), which was also supported by a few
molecular studies (e.g., Lavoué et al. 2007). Recently, Bloom and Egan
(2018) placed Denticeps clupeoides outside the Clupeiformes and recov-
ered it as sister to all other otomorphs based on recombination acti-
vating genes ragl and rag2. Bloom and Egan (2018) estimated Denticeps
even more distant to other clupeiforms. In the present study, the phy-
logeny of Clupeiformes was reconstructed using over a thousand loci
and 66 taxa from 46 genera with five outgroup species, including Lep-
isosteiformes, Cypriniformes, Gymnotiformes, Siluriformes, and Char-
aciformes exceeding all hitherto analyzed molecular datasets in the
number of loci analyzed. Denticeps clupeoides, however, has been
retained unanimously as sister group to clupeoids. Based on the thou-
sands of exons analyzed herein, our study reassures the monophyly of
Clupeiformes (Fig. 2).

4.2. Monophyly and phylogenetic position of Dussumieriidae sensu lato

Dussumieriidae (round herring), so far containing the genera Dus-
sumieria, Spratelloides, Jenkinsia, and Etrumeus, were morphologically
characterized by a ‘W’ shaped unkeeled pelvic scute while other scutes
are absent (Nelson, 1970a; Whitehead, 1972). Based on such morpho-
logical similarities round herrings assigned to Spratelloidinae and Dus-
sumieriinae were classified into the family Dussumieriidae. Yet, several
molecular studies rejected this hypothesis and questioned the mono-
phyly of Dussumieriidae. Li (2007) found that six nuclear loci highly
support dussumieriids as the basal group to the rest of clupeoids with a
bootstrap value of 99 % and a Bayesian posterior probability of 1.0.
Lavoué et al. (2014) discussed that the phylogenetic position of Dussu-
mieria and the non-monophyly of the Dussumieriidae have some con-
sequences for the hypothesis of an early evolution and the biogeography
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Fig. 2. Maximum likelihood tree of the Clupeiformes based on 1,165 loci reconstructed using IQtree with best partition scheme from PartitionFinder2. Only
bootstrap supports not equal to 100% are shown. Tree was rooted with Lepisosteus oculatus (not shown).
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of the Clupeoidei.

It is traditionally considered that the phylogenetic position of the
family Dussumieriidae within the Clupeoidei is important to understand
the evolution of morphology, because these fishes (round herrings) have
a particular morphology, such as the presence of a W-shaped pelvic scute
along with the absence or quasi absence of other abdominal scutes
(Whitehead, 1962, 1963). Nelson (1967) and others considered the
Dussumieriidae to be a “primitive” group within the large family Clu-
peidae and therefore suggested that the absence of an abdominal scute is
the ancestral condition within the Clupeoidei. On the other hand,
Grande (1985) considered the Dussumieriidae to be a derived group
because of the absence of abdominal scutes, which he interpreted as a
derived character. Lavoué et al. (2014) reconstructed the evolution of
the scute morphology using a previous mitogenomic phylogenetic tree
and they concluded that the most recent common ancestor of the Clu-
peoidei had a complete series of well-developed abdominal scutes and
that the diminution in the number of scutes (along with the simplifica-
tion of their morphology) evolved several times independently in the
Clupeoidei.

Bloom and Lovejoy (2014) proposed a new position of Spratelloidi-
nae (Spratelloides + Jenkinsia) separated from Dussumieriinae based on
molecular phylogenetic analyses. Similarly, our study shows that both
spratelloid species form a monophyletic group but phylogenetically
rather distant to other dussumieriids (Fig. 2). The filtered datasets
addressing the potential issue of missing data and biased GC content all
confirmed the polyphyletic status of Dussumieriidae and early branch-
ing of Spratelloidinae from the other clupeoids. Hence, there is strong
evidence for this result (Appendix A, Fig. S3 and S4). Despite of having
similar molecular support, Lavoué et al. (2014), retained the family
Dussumieriidae, but marked it with a question mark and the remark that
it was placed temporarily on its initial position in absence of alternative
hypothesis. In the present study, Etrumeus teres clustered with Clupea
and Sprattus and not with Dussumieria elopsoides and D. acuta. Consid-
ering these two conflicting hypotheses and in the light of our results, we
suggest a specific review of both the morphological and molecular
perspective of Etrumeus in the future.

4.3. The phylogenetic position of Sundasalanx

The phylogenetic position of Sundasalanx (Sundasalangidae) is
difficult to assess using morphology, as the species in the genus are
highly paedomorphic (Roberts, 1981, 1984). All seven species of this
genus are freshwater dwellers found in South-east Asia (Indonesia,
Thailand, and Laos). The genus was initially described by Roberts (1981,
1984) based on its minute, transparent and paedomorphic feature and
placed close to Salangidae within Osmeriformes. Later, Siebert (1997)
identified Sundasalanx as clupeid based on non-paedomorphic features
like an ossified prootic bulla and the recessus lateralis and further sug-
gested Sundasalanx as a possible sister-group of a dussumieriid, namely
the Caribbean endemic genus Jenkinsia. Britz and Kottelat (1999)
reviewed the conclusion by Siebert’s (1997) tentative placement of
Sundasalanx where they found Sundasalanx shares synapomorphies with
Clupeidae and advised for an extensive phylogenetic study. In subse-
quent molecular studies by Ishiguro et al. (2005) and Lavoué et al.
(2007) Sundasalanx was confirmed as a member of the Clupeoidei but
these studies also rejected a close relationship with Jenkinsia. Moreover,
Li and Orti (2007) placed Sundasalanx within “Clupeidae I” based on 12
s and 16 s ribosomal genes and suggested a further review to estimate
the exact placement of Sundasalanx. A later study by Bloom and Lovejoy
(2014), analyzed ragl, rag2, cytb and 16 s and identified Sundasalanx
mekongensis as a member of the Ehiravini clade. Also Lavoué et al (2013)
found Sundasalanx sp. to be the sister-group of Ehiravinae and name
these as “lineage 3” in their phylogenetic tree. Our results confirmed
that Sundasalanx is a member of the Ehiravini group (Fig. 2; Fig. S4-5;
Fig. S7).

There has been some controversy about the taxonomic status of the
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genus Clupeonella. Nelson et al. (2016) kept this genus as a member of
the subfamily Clupeinae, while it has been considered as a member of
the subfamily Ehiravinae based on molecular results (Lavoué et al.,
2017). The latter findings correspond to our results. However, the split
between the ehiravin species of the genus Clupeonella with Sundasalanx
is quite deep. A close relationship of Clupeonella with Jenkinsia can be
discarded. Based on our findings aligning partially with previous
studies, we erect the subfamily Ehiravinae to family status, i.e.
Ehiravidae.

4.4. Interrelationships among the major families of the Clupeoidei and
resolving the Clupeidae, the ‘group of convenience’

Several subfamilies and/or tribes have been subsumed under the
Clupeidae (sensu lato) in previous works. However, robust hypothesis of
the relationships of these clupeid taxa were never defined. The amount
of morphological diversity made it also difficult to define synapomor-
phies for the family. Recognizing the difficulties on defining reliable
characters to distinguish clupeid species from other families, initially
Nelson (1970b) excluded Pristigasterinae from Clupeidae. After dis-
locating Pristigasterinae Nelson (1970b) acknowledged that prevailing
synapomorphies such as tendencies of missing teeth and proliferation of
gill rakers did not provide strong support to define clupeids or the re-
lationships of the subfamilies in it. Later, Grande (1985) introduced a
single diagnostic character for the Clupeidae “the presence of two long,
rod-like postcleithra” — a character that was proposed by Nelson (1970b)
although this character is absent in several dussumieriids like the genera
Dussumieria, Jenkinsia and Spratelloides. Grande (1985) was able to
separate Pelloninae from Dussumieriinae but did not provided any
diagnostic character for Alosinae, Dorosomatinae and Clupeinae. As a
result, he hypothesized the Clupeidae as a “group of convenience” and
explained that “the greatest remaining problem in Clupei systematics is
discovering how the members of the Dorosomatinae, Clupeinae and
Alosinae are interrelated within the Clupeoidei” (Grande 1985, page
281). Moreover, several molecular studies on Clupeiformes did not
agree on the phylogenetic position of the subfamilies of Clupeidae and
therefore there is no molecular support for the monophyly of Clupeidae
until now. The results recovered by Li and Orti (2007) showed that
Chirocentrus was nested within Clupeidae and as a result rejecting the
monophyletic status of the Clupeidae. That study partitioned the Clu-
peidae into Clupeidae-I (Dorosomatinae + Alosinae including Sundasa-
lanx) and Clupeidae-II (Dussumieriinae + Spratelloidinae + Clupeinae
including Chirocentrus). In the current study using more than one
thousand nuclear loci, we also found that the taxa formerly subsumed
under Clupeidae are no longer existent as a monophyletic family but are
segregated in several new clades. As a consequence we rank three
monophyletic clades to family level, i.e. the Ehiravidae (see also above),
the Alosidae, and the Dorosomatidae, with the latter two being retrieved
as sister-groups. Finally, our analysis revealed that the former Clupeinae
is the only remaining subfamily under Clupeidae which therefore re-
solves the “taxonomic basket” of the Clupeidae from “group of conve-
nience” to monophylum based on molecular evidence.

Future studies should be carried out with a focus on resolving tribes
within the diverse family Dorosomatidae using a denser taxon sampling.
Misidentification of congener species in some genera such as the round-
body Sardinella due to their overlapped similarities is one of serious is-
sues in their taxonomy. Stern et al. (2018) revised the taxonomy of
Sardinella, based on COI gene sequences and morphometric characters,
suggesting the possible existence of only a single cosmopolitan species
with two ecophenotypic variations. Our results show that there are at
least two deeply diverged clades of Sardinella, with discernible species in
each clade. The genus Sardinella is not monophyletic with Harengula
jaguana grouped with the Sardinella aurita clade. This indicates that
there may be a high cryptic diversity exists in Sardinella and a global
taxon sampling is needed to test their taxonomy hypotheses using the
gene-capture method.
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4.5. The estimated divergence time of major lineages of the Clupeiformes

The oldest tEllimmichthyiformes, the taxon widely regarded as sister
group to the Clupeiformes (Grande, 1985; Nelson et al., 2016), origi-
nates from the Lower Cretaceous of Brazil (ca. 140-129 Ma; Silva Santos
and Silva, 1985; De Figueiredo and Ribeiro, 2017; De Figueiredo and
Gallo, 2021). The oldest fossil record of the Clupeiformes (also from
Brazil) is slightly younger (ca. 129-101 Ma, Maisey, 1993; De Figueir-
edo, 2009a; Malabarba and Di Dario, 2017), and this is consistent with
our estimated age of crown Clupeiformes (130.82 Ma, CL
125.56-138.83 Ma).

Crown Clupeoidei are estimated to have diverged during the latest
Early Cretaceous or the beginning of the Late Cretaceous (91.4 Ma, CL:
76.09-107.26 Ma). There is at least one fossil species that indicates a
late Early Cretaceous age for crown Clupeoidei, namely {Nolfia ria-
chuelensis De Figueiredo 2009b from the Albian (ca. 100.5-113 Ma) of
Brazil (De Figueiredo 2009b). Seven additional clupeoid species from
the Upper Cretaceous of Southern Italy have been tentatively attributed
to lineages such as “Dussumieriinae”, “Alosinae” or “Ehiravini” (Taverne
2002, 2004, 2007a, 2007b, 2011, 2014). These species are, however, in
need of revision due to the fragmentary nature of the material or the
obsoleteness of these taxa, at least as they were traditionally defined (see
Lavoué et al., 2014; Marrama and Carnevale, 2015; Argyriou and
Davesne 2021).

The bulk of clupeoid families and major lineages diverged in the Late
Cretaceous and early Paleogene, a period during which most major
groups that dominate the actinopterygian diversity of today appeared
(Near et al., 2012). The extinction event at the end of the Cretaceous
may have created a vacancy of ecological niches previously held by non-
clupeoid competitors, which could have resulted in new ecological op-
portunities for clupeoid fishes to diversify via adaptive radiation. Such a
scenario is consistent with what has been observed in other teleost lin-
eages as well (Alfaro et al., 2018; Ribeiro et al., 2018).

A common pattern throughout our divergence time estimates are the
very large gaps between the estimated dates of divergence of a group
and the first fossil representative of the same group (Fig. 3). This phe-
nomenon is known as “ghost lineages” (Norell et al., 1993). For most
family-level and other higher level major lineages in our tree, these gaps
last from several million years up to several tens of millions of years. The
oldest lineages in this estimate, namely the Denticipitidae, Spratelloi-
didae and Engraulidae represent families whose origins are estimated in
the Cretaceous, however, their oldest fossils are all documented from the
Eocene, i.e., are about several millions of years younger than their
estimated time of origin. Denticipitidae diverged between ca. 126-139
Ma (CI), but their first fossil representative is {Palaeodenticeps from 45 to
46 million year old strata in Tanzania, East Africa (Greenwood and
Chandler, 1960; Harrison et al., 2001). Spratelloididae diverged be-
tween 76 and 107 Ma (CI), whereas the first putative member of this
group, {Trollichthys bolcensis from Monte Bolca, Italy is dated to ca. 48.5
Ma (Friedman and Carnevale, 2018; Marrama and Carnevale, 2015). A
clear gap, albeit not so large, is also seen for the Engraulidae, whose
divergence has been dated by 63-81 Ma, while their first fossil member,
tClupeopsis straeleni from Chievres, Belgium, is about 54 Ma old (Capo-
bianco et al., 2020).

Fossils of the Clupeiformes are more abundant in the Oligocene and
Miocene, but many fossil species are not well preserved and their re-
lationships to modern lineages are currently poorly known. Therefore,
the evolutionary history of most lineages during the Oligocene and
Miocene remains to be explored. However, based on our divergence time
estimates, we can comment on the evolution and paleobiogeography of
certain members of the Dorosomatidae, the second largest family of
Clupeiformes after the Engraulidae. The family Dorosomatidae com-
prises, among other species, the lineage of the so-called West African
freshwater herrings. These are represented in this study by the genera
Limnothrissa, Microthrissa, Pellonula, Odaxothrissa and Laeviscutella. Ac-
cording to the molecular study of Wilson et al. (2008), this clade
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transitioned from marine to freshwater ca. 37 Ma ago (CL: 25-53.3 Ma)
and diversified in West Africa, then dispersed eastwards, with the Lake
Tanganyika endemics Stolothrissa tanganicae and Limnothrissa miodon
splitting at 7.6 Ma (CI: 2.1-15.9 Ma). Because Lake Tanganyika is known
to have formed between ca. 9-12 Ma (Cohen et al., 1993), Wilson et al.
(2008) suggested that these freshwater herrings evolved in situ. Based on
the upper 95 % CI of their estimate, however, it remains possible that
these genera split before the formation of the lake and colonized it later,
a scenario that also has been proposed for certain lineages of cichlid
fishes in Lake Tanganyika (Altner et al., 2020; Altner et al., 2017). Our
results estimate a younger divergence of the clade of the West African
freshwater herrings, compared to Wilson et al.’s estimate (2008), that is
the transition from marine to freshwater (29.04 Ma, CI: 24.14-34.13
Ma). Additionally, our estimates favor the scenario of the in situ evolu-
tion of the Tanganyika endemic Limnothrissa, as indicated by the age of
its divergence from Microthrissa moeruensis, a native of the nearby Lake
Mweru (5.75 Ma, CI: 3.57-8.04 Ma).

Another group which has attracted a lot of research interest with
regard to its ecology and evolution and has a good fossil record is the
family Alosidae (e.g., Bagils, 2001; Bagliniere and Elie, 2000; Ganias,
2014; Pozzobon et al., 2021). Alosa is suggested to have originated in the
NW Atlantic, from where it later could have dispersed eastwards to the
Mediterranean and eventually entered and diversified in the Black and
Caspian Seas (Bloom and Lovejoy, 2014; Lavoué et al., 2013; Vernygora
et al., 2018). The split between Alosa and its sister taxon Brevoortia has
been dated to a period from the lower Oligocene to the upper Miocene, e.
g., at 20.1 Ma (CL ca. 17-30 Ma) in Vernygora et al. (2018) and 15.05
Ma (CI: 9.74-19.16 Ma) in Pozzobon et al. (2021). Vernygora et al.
(2018) further estimated an upper Miocene to lower Pliocene age for the
eastward expansion of Alosa in the Mediterranean and Ponto-Caspian
regions. Our study supports a middle-upper Miocene age for the split
between Alosa-Brevoortia (10.55 Ma, CI: 7.06-14.22 Ma). Accordingly,
Alosa may have entered the Mediterranean not earlier than in the lower
Pliocene (2.85 Ma, CI: 1.98-3.75 Ma) and the Black and Caspian Seas in
the upper Pliocene to Pleistocene (2.21 Ma, CI: 1.49-2.97 Ma). How-
ever, several fossil species of Alosa have been described from the
Oligocene and lower Miocene of the (peri-) Mediterranean region (Ara-
mbourg, 1927; Khisarova, 1977; Riickert-Ulkiimen, 1965). This implies
that either the systematic affinities of these fossil taxa need to be
reconsidered, as already pointed out by Grande (1985), or that the split
between Alosa and its sister taxon Brevoortia is older than currently
estimated. A systematic revision of the clupeiform fossil record is
necessary to allow us tracing the evolutionary history of these fishes in
greater detail and also to further refine the dates estimated here.

4.6. The evolution of decisive morphological characters of Clupeiformes

Clupeiformes are characterized by a high degree of homoplasy with
regards to morphology. In the following we select three examples of
morphological characters for discussion that were formerly regarded as
synapomorphies putatively supporting major clades within Clupei-
formes but are now shown to be homoplacies instead. Furthermore, we
suggest ways in which the environment or biomechanical constraints,
rather than phylogenetic conservatism, may have played a key role in
the appearance or loss of these characters.

A striking apomorphy for Clupei is the presence of keeled scales
along the ventral midline, the so-called scutes (Grande, 1982, 1985).
The presence of a w-shaped pelvic scute and the loss of remaining
ventral scutes is what defines the round herrings, sensu Grande (1985), i.
e. the genera Spratelloides, Jenkinsia, Dussumieria and Etrumeus, as one of
the easiest recognizable groups based on morphology (Grande, 1985;
Whitehead, 1985; Nelson et al., 2016). In earlier work, the reduction of
most of these scutes had led Whitehead (1963) to include in the dus-
sumieriids, not only the round herrings (i.e. Spratelloides, Jenkinsia,
Dussumieriea and Etrumeus), but also the miniaturized clade of ehir-
avinids. Later Whitehead (1972) placed this latter group to the family
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Pellonulinae, indicating without explicitly stating that the abdominal
scute reduction must have happened convergently.

Lavoué et al. (2014) showed that reduction and simplification of
ventral scutes happened several times within clupeoids. The primitive
state seems to be a complete series of scutes as seen in Denticeps, and not
the presence of only few or even a single scute as suggested by White-
head (1963). According to the phylogeny presented herein, a partial
reduction of pelvic scutes happened at least six times in the Clupeoidei:
at the bases of Spratelloididae, Engraulinae, Dussumieriidae + Chiro-
centrus, and Ehiravidae, as well as in Etrumeus, and within the Pellonu-
lini (part of Dorosomatidae). Further scute reduction likely happened
within smaller clades or even within genera. For some, but not all those
clades, miniaturization could provide an explanation for parallel loss of
ventral scutes. Nevertheless, the w-shaped pelvic scute is an uncommon
character that was supposed to unite the dussumieriids (sensu Grande,
1985), though it is apparent now that this is a case of homoplasy. This
implies a mechanical constrain of the pelvic scute, so that this scute
remains the last to be reduced and at the same time shows sometimes a
morphology differing from pre- and post-pelvic scutes. This context,
however, remains to be studied in detail in future.

The Pristigasteridae have a relatively low ratio of rib pairs compared
to the total number of vertebrae, a character which they share with
Denticeps, Engraulidae and {Ellimmichthyiformes (Grande, 1985). The
Pristigasteridae were therefore considered to be a more “primitive”
group, i.e., not a part of the “Clupeoidea” which included “Clupeidae”+
Chirocentridae (Di Dario, 2009; Grande, 1985). As, however, Pristigas-
teridae are deeply nested within what was formerly called “Clupeidae”
and as Spratelloides + Jenkinsia is sister to the remaining Clupeoidei
(Fig. 2), it appears that the evolution of this character has been much
more complex than previously assumed. A low ribs-to-vertebrae ratio
could be related to a reduced need for abdominal space, which accom-
modates the gut, and therefore reference to diet (Burns, 2021; Davis
etal., 2013; Kapoor et al., 1976). Nevertheless, there does not seem to be
an obvious connection between the trophic level (see Whitehead, 1985)
and the ribs-to-vertebrae ratio in clupeiforms. An alternative explana-
tion might be the swimming abilities, as we observe in Grande (1985,
tables 1-10) that taxa with a low rib-to-vertebrae ratio also generally
possess more anal fin rays.

Previous studies and classification schemes that were based on
morphology have found it difficult to precisely define “Alosinae” rela-
tive to “Clupeinae” and “Dorosomatinae” (Grande, 1985) and have
prioritized some characters that are now known to be homoplastic
(Fig. 2), such as the structure of the gill arches (Nelson, 1967, 1970b) or
the presence of a median notch in the upper jaw (Nelson et al., 2016;
Regan, 1917; Whitehead, 1985). These characters may be related to
feeding, particularly microphagy (Nelson, 1967), and the mechanics of
the jaw occlusion. There is nonetheless a character that unequivocally
unites the Alosidae genera as defined here, namely Alosa, Brevoortia,
Sardina and Sardinops. This character is the presence of a striated
operculum, and it is not found in any other clupeiform taxa (Vernygora,
2020). The branching sensory canals of the lateral line on the opercle
may follow the striations on the opercle in Alosidae (personal observa-
tion, CK). Bone may form to enclose the sensory canals of the lateral line
completely or partially in certain bones of the skull in teleosts (Lekander,
1949; Reno, 1969; Webb, 2013). Few studies have examined the dis-
tribution of cephalic sensory canals in Clupeiformes (Di Dario and de
Pinna, 2006; Stephens, 1985; Sdez and Pequeno, 2018) and at present it
remains unknown if there is a causal or even functional relationship
between striation and lateral line canal branching in Alosidae.

In summary, the functional role of several distinct morphological
characters within the Clupeiformes is insufficiently known or
completely unknown. Our phylogenetic analyses, however, allow us to
identify which of these characters were independently derived in mul-
tiple lineages and which are homologous. A detailed review of such
characters is necessary in order to understand the evolutionary history
of Clupeiformes and it is currently under preparation by CK. The
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phylogeny presented in this paper paves the way for future studies to
explore the functional role of convergent morphological characters in
this group and the mechanisms by which they arise (Wake et al., 2011).

4.7. An updated classification of the Clupeiformes

Based on the strong evidence of the present study, we propose an
updated classification of Clupeiformes consisting of ten families: Den-
ticipitidae; Spratelloididae; Engraulidae (including Engraulinae + Coi-
liinae); Clupeidae; Chirocentridae; Dussumieriidae; Pristigasteridae;
Ehiravidae; Alosidae; Dorosomatidae. The classification of recent
herring like fishes fitting in the classification proposed by Wiley and
Johnson (2010), updates the revised classification of Lavoué et al.
(2014):

Subcohort Clupei (sensu Wiley and Johnson, 2010; corresponding to
Clupeomorpha Greenwood et al., 1966).

Order Clupeiformes
Suborder Denticipitoidei
Family Denticipitidae Clausen 1959
Type genus: Denticeps Clausen 1959
Denticeps
Suborder Clupeoidei
Family Spratelloididae Jordan 1925
Type genus: Spratelloides Bleeker 1851
Jenkinsia, Spratelloides
Family Engraulidae Gill 1861
Type genus: Engraulis Cuvier 1816
Subfamily Coiliinae Bleeker 1872
Type genus: Coilia Gray 1830
Coilia, Lycothrissa, Papuengraulis, Pseudosetipinna, Setipinna, Thryssa
Subfamily Engraulinae Gill 1861
Type genus: Engraulis Cuvier 1816
Amazonsprattus, Anchoa, Anchovia, Anchoviella, Cetengraulis, Encrasicholina,
Engraulis, Jurengraulis, Lycengraulis, Pterengraulis, Stolephorus
Family Clupeidae Cuvier 1816
Type genus: Clupea Linnaeus 1758
Clupea, Ethmidium, Hyperlophus, Potamalosa, Ramnogaster, Sprattus, Strangomera
incertae sedis: Etrumeus Bleeker 1853
Family Dussumieriidae Gill 1816
Type genus: Dussumieria Valenciennes 1847
Dussumieria
Family Chirocentridae Bleeker 1872
Type genus: Chirocentrus Cuvier 1816
Chirocentrus
Family Pristigasteridae Bleeker 1872
Type genus: Pristigaster Cuvier 1816
Chirocentrodon, “Ilisha”, Neoopisthopterus, Odontognathus, Opisthopterus, Pellona,
Pliosteostoma, Pristigaster, Raconda
Family Ehiravidae Deraniyagala, 1929
Type genus: Ehirava Deraniyagala 1929
Clupeichthys, Clupeoides, Clupeonella, Corica, Dayella, Ehirava, Gilchristella,
Minyclupeoides, Sauvagella, Spratellomorpha, Sundasalanx
Family Alosidae Svetovidov 1953
Type genus: Alosa Linck 1790
Alosa, Brevoortia, Sardina, Sardinops
Family Dorosomatidae Bleeker, 1872
Type genus: Dorosoma Rafinesque 1820
Amblygaster, Anodontostoma, Clupanodon, Congothrissa, Dorosoma, Escualosa,
Ethmalosa, Gonialosa, Gudusia, Harengula, Herklotsichthys, Hilsa, Konosirus,
Laeviscutella, Lile, Limnothrissa, Microthrissa, Nannothrissa, Nematalosa, Odaxothrissa,
Opisthonema, Pellonula, Platanichthys, Potamothrissa, Rhinosardinia, Sardinella,
Sierrathrissa, Stolothrissa, Tenualosa

5. Conclusions

We reconstructed a robust phylogeny of the Clupeiformes based on
thousands of nuclear coding sequences obtained through target
enrichment and curated for phylogenetic informativeness. We
confirmed that the Clupeiformes is monophyletic, and Denticeps is sister
to the Clupeoidei. Dussumieriids in their former understanding are
polyphyletic, as Spratelloididae being sister to all other clupeoids.
Sundasalanx belongs to Ehiravidae, but with deep split to other ehiravine
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species. A time tree of the Clupeiformes was calibrated with new fossil
data and an updated classification of the Clupeiformes is provided.
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