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ABSTRACT
High morphological plasticity in populations of brine shrimp subjected to
different environmental conditions, mainly salinity, hindered for centuries the
identification of the taxonomic entities encompassed within Artemia. In addition, the
mismatch between molecular and morphological evolution rates complicates the
characterization of evolutionary lineages, generating taxonomic problems. Here,
we propose a phylogenetic hypothesis for Artemia based on two new complete
mitogenomes, and determine levels of congruence in the definition of evolutionary
units using nuclear and mtDNA data. We used a fossil of Artemia to calibrate the
molecular clock and discuss divergence times within the genus. The hypothesis
proposed herein suggests a more recent time frame for lineage splitting than
previously considered. Phylogeographic analyses were performed using GenBank
available mitochondrial and nuclear markers. Evidence of gen e flow, identified
through discordances between nuclear and mtDNA markers, was used to reconsider
the specific status of some taxa. As a result, we consider Artemia to be represented
by five evolutionary units: Southern Cone, Mediterranean—South African,
New World, Western Asian, and Eastern Asian Lineages. After an exhaustive
bibliographical revision, unavailable names for nomenclatural purposes were
discarded. The remaining available names have been assigned to their respective
evolutionary lineage. The proper names for the evolutionary units in which brine
shrimps are structured remain as follows: Artemia persimilis Piccinelli & Prosdocimi,
1968 for the Southern Cone Lineage, Artemia salina (Linnaeus, 1758) for the
Mediterranean-SouthAfrican Lineage, Artemia urmiana Günther, 1899 for the
Western Asian Lineage, and Artemia sinica Cai, 1989 for the Eastern Asian Lineage.
The name Artemia monica Verrill, 1869 has nomenclatural priority over
A. franciscana Kellogg, 1906 for naming the New World Lineage. New synonymies
are proposed for A. salina (= C. dybowskii Grochowski, 1896 n. syn., and A. tunisiana
Bowen & Sterling, 1978 n. syn.), A. monica (= A. franciscana Kellogg, 1906 n. syn.,
and A. salina var. pacifica Sars, 1904 n. syn.); A. urmiana (= B. milhausenii Fischer de
Waldheim, 1834 n. syn., A. koeppeniana Fischer, 1851 n. syn., A. proxima King, 1855
n. syn., A. s. var. biloba Entz, 1886 n. syn., A. s. var. furcata Entz, 1886 n. syn.,
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A. asiatica Walter, 1887 n. syn., A. parthenogenetica Bowen & Sterling, 1978 n. syn.,
A. ebinurica Qian & Wang, 1992 n. syn., A. murae Naganawa, 2017 n. syn., and
A. frameshifta Naganawa & Mura, 2017 n. syn.). Internal deep nuclear structuring
within the A. monica and A. salina clades, might suggest the existence of additional
evolutionary units within these taxa.

Subjects Biodiversity, Evolutionary Studies, Genomics, Taxonomy, Zoology
Keywords Systematics, Phylogeny, New synonymies, Crustacea, Salterns, Salt Lakes, Fossil dating,
Mitogenomics

INTRODUCTION
Taxonomic practice includes two separated but closely linked activities: the recognition
and definition of the biological units resulting from speciation processes and the provision
of a universal name for each of those biological units (Wiley, 1981; Minelli, 2003;
De Carvalho et al., 2005; Padial et al., 2010). Recognition of biological units follows the
classical scientific methodology: observation, hypotheses formulation, data gathering,
hypotheses testing, and proposal to the scientific community for further testing, since
species are also working hypotheses. Provision of a universal name for each animal is
done by strictly applying the rules and recommendations of a code of practice, the
International Code of Zoological Nomenclature (International Commission on Zoological
Nomenclature, 1999), provided by the International Commission on Zoological
Nomenclature.

Historical confusion between these two activities, identification of biological units
and naming them, has rendered taxonomy a sort of obscure, almost mystical,
discipline, difficult to accommodate to society or even to be understood by non-
taxonomist scientists (Rosen, 1986; Dubois, 2003; Lipscomb, Platnick & Wheeler, 2003;
Mace, 2004; Wheeler & Valdecasas, 2005; Garnett & Christidis, 2007; Ebach, Valdecasas &
Wheeler, 2011).

The systematics and nomenclature of the brine shrimp (Artemia Leach, 1819) is a clear
example of the problems that nomenclatural practice, when not carefully considered,
can generate when studying model organisms. Artemia is a poorly diversified group of
small hypersaline water branchiopods (Crustacea, Anostraca), currently conformed by
less than a dozen species distributed all over the world, often associated to salt production,
and used as a model system for diverse research purposes, as well as a valuable food source
in aquaculture (Lenz, 1984; Sorgeloos et al., 1986; Sorgeloos, Dhert & Candreva, 2001;
Van Stappen, 1996; Ruebhart, Cock & Shaw, 2008; Amat et al., 2005; Baxevanis, Kappas &
Abatzopoulos, 2006). Despite the reduced number of species, the different taxa within
Artemia have been referred to, in the scientific literature, with more than 50 names, almost
all of them used at the species level (Daday de Deés, 1910; Belk & Brtek, 1995; Rogers,
2013; Asem et al., 2020). Most of the names applied from the end of the eighteen to the
mid-twentieth century in Artemia taxonomic characterization were forgotten and not used
again by later authors. Some of those names were not accompanied by adequate
descriptions or were applied to populations no longer existing or hard to locate, making
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difficult their subsequent evaluation and application (Fischer, 1851; King, 1855; Liévin,
1856; Verrill, 1869 in part; Grube, 1874; Walter, 1887; Grochowski, 1896). However,
that was not the case for some others (Fischer de Waldheim, 1834; Verrill, 1869 in part;
Sars, 1904) (Fig. 1). The abandonment of older names brought a new series of species
descriptions, sometimes applied to populations already named, generating nomenclatural
problems that required direct actions from the International Commission on Zoological
Nomenclature (International Commission on Zoological Nomenclature, 1985, 1993).
However, these actions from the ICZN, were not enough to stabilize brine shrimp
nomenclature, and still today, some names remain problematic. Reasons for this
problematic nomenclatural situation are of diverse nature, some of them intrinsic, directly
related to the peculiar biological characteristics of Artemia, and some of them extrinsic,
related to the human perspective of their study.

Among the intrinsic factors, we may consider first the extreme morphological and
physiological phenotypic plasticity shown by Artemia. Brine shrimps can change
dramatically in size, shape or even degree of development of anatomical structures as
a function of the salt concentration at which early stages are exposed during their
development (Schmankewitsch, 1875, 1876, 1877a, 1877b; Artom, 1907a, 1907b; Asem &

Figure 1 Original illustration of Artemia salina var. pacifica by Sars (1904) from Zoologische
Jahrbücher, 19, pl. 33, a high-quality illustration accompanying a precise morphological
description of a valid taxon. This is one of the names that, in case molecular data supported their
specific ascription, would have nomenclatural priority over Artemia franciscana Kellogg, 1906.

Full-size DOI: 10.7717/peerj.10865/fig-1
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Rastegar-Pouyani, 2010; Asem et al., 2010). A second factor involves the diversity of
reproductive modes, ranging from the typical bisexual reproduction in Anostraca, to
strict parthenogenesis, and from production of resistance eggs (cysts), through almost
ovoviviparity (Artom, 1906a, 1906b, 1906c, 1908; Baxevanis, Kappas & Abatzopoulos,
2006; Maccari et al., 2013, 2014). A third source of conflict is the existence of polyploidy,
with 3n, 4n and 5n parthenogenetic specimens that can be found either in syntopy
with diploid specimens, or forming populations exclusively conformed by diploid or
tetraploid parthenogenetic individuals (Artom, 1913, 1921b; Gross, 1932; Barigozzi,
1934, 1980; Barigozzi & Tosi, 1959; Zhang & Lefcort, 1991; Zhang & King, 1993; Sun et al.,
1999; Abatzopoulos et al., 2002b, 2003;Maniatsi et al., 2011; Asem, Eimanifar & Sun, 2016).
Although it might seem that reproductive attributes could potentially facilitate the
taxonomy of Artemia, this diversity was in fact a source of confusion that generated
multiple taxonomic descriptions, since names were provided independently for
parthenogenetic and bisexual populations.

Taxonomic problems in Artemia are related to changes in taxonomic practice over
time. The first period of brine shrimp taxonomy was characterized by a proliferation of
new species names, defined on the basis of morphological traits later shown to be
plastic, and generally applied to populations of a single saltern or salt-lake (Fischer de
Waldheim, 1834; Fischer, 1851; Liévin, 1856; Entz, 1886; Verrill, 1869; Grube, 1874;Walter,
1887; Grochowski, 1896; Günther, 1899; Sayce, 1903; Kellogg, 1906). A second historical
period involved definition of species based on reproductive mode and laboratory
reproductive isolation, coupled or not with protein or cytogenetic analyses. During this
period, previously considered units were redefined yielding a new set of names
(Piccinelli & Prosdocimi, 1968; Bowen & Sterling, 1978; Barigozzi, 1980; Cai, 1989a,
1989b; Browne & Bowen, 1991; Pilla & Beardmore, 1994). The third and current period of
species delimitation, based mainly on molecular DNA information, generated a few
more species names and turned species delimitation based almost exclusively on
mitochondrial sequence analyses (Asem, Eimanifar & Sun, 2016; Naganawa & Mura,
2017). In addition to all of these numerous taxonomic proposals, it is necessary to remark
a poorly done nomenclatural work, sometimes neglecting basic priority principles,
ignoring previous species descriptions, or presenting vague type localities, or even not
designating type specimens (Kellogg, 1906; Bowen & Sterling, 1978; Abatzopoulos, Zhang &
Sorgeloos, 1998). It is difficult to believe that a proper revision of the nomenclature in
accordance to the rules and recommendations of the International Code of Zoological
Nomenclature (International Commission on Zoological Nomenclature, 1999) has not been
performed yet for one of the most world-wide commercialized invertebrates. Only Asem,
Rastegar-Pouyani & De Los Ríos-Escalante (2010) made a clarification attempt, and
recently, Asem et al. (2020) reviewed the taxonomic problems of native Asian Artemia.
The task has been probably avoided either because the early inclusion of partial genetic
data in the definition of taxa blurred the overall picture (Alonso, 1996), or because the
early proliferation of names made the selection of valid names for the molecularly defined
taxa a complicated task. Worldwide monographs or catalogues of Anostraca included
all names under the synonymy of Artemia salina (Linnaeus, 1758) (Linder, 1941;

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 4/62

http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Botnariuc & Orghidan, 1953), or more recently, considered many available names as
nomina nuda (Belk & Brtek, 1995; Rogers, 2013).

Recently, different research teams have been trying to disentangle the taxonomic
problems derived from the complex biology of brine shrimps (Baxevanis, Kappas &
Abatzopoulos, 2006; Muñoz et al., 2008; Kappas et al., 2009; Kappas, Baxevanis &
Abatzopoulos, 2011; Maniatsi et al., 2011; Maccari, Amat & Gómez, 2013; Maccari et al.,
2014; Eimanifar et al., 2014; Asem, Eimanifar & Sun, 2016). These researchers have
successfully dealt with the origin and relationships of the parthenogenetic strains, and
the evolutionary relationships of the polyploid populations. However, the nomenclatural
acts necessary to fix the taxonomic situation of the already identified units cannot be
undertaken without a full review of the current set of nomenclatural problems.
This situation needs to be sorted out, including the identification of truly problematic
areas that have direct consequences on species identification, conservation, or economic
impact. In this work, we tried to achieve two goals; first, to present an informed hypothesis
on how many singular and evolutionary independent taxa can be defined to date
within Artemia following the evolutionary species concept (Wiley, 1978), and second,
to identify the correct name for each of the biological entities (e.g., species) recovered.

To accomplish this goal, we (1) provide a new mitogenomic robust phylogenetic
hypothesis for Artemia, with the inclusion of the first mitogenome of the bisexual A. salina,
and of a Mexican population of A. franciscana (¼ A. monica); (2) propose a documented
hypothesis on how many evolutionary independent taxonomic units are recognizable
within Artemia by evaluating levels of congruence between already published
mitochondrial DNA (mtDNA) and nuclear data, including fast evolving genes; and
(3) identify the biological meaning and identity of each of the published names applied
to populations of Artemia. In order to accomplish the latter objective, we searched for
all the information available in the original bibliographical sources, including original
descriptions, reproduction mode, ploidy level, and geographic location of the populations
from where names were published.

MATERIALS AND METHODS
Mitogenome analyses
Adult specimens from Laguna Ojo de Liebre, Guerrero Negro, Baja California Sur
(BCS) (Mexico) (Arthropod Collection of Museo Nacional de Ciencias Naturales, MNCN
20.04/12541), and of A. salina from Salobrar de Campos, Es Trenc, Mallorca (Spain)
(MNCN 20.04/12092), stored in absolute ethanol, were used for this study. One specimen
of each locality was sent to AllGenetics for DNA extraction and high-throughput
sequencing. Briefly, total genomic DNA was extracted using the “RealPure MicroSpin kit”
(Durviz�) following the protocol described by the manufacturer. Libraries were prepared
using the Nextera DNA Library Prep kit (Illumina, San Diego, CA, USA) and sequenced in
an Illumina HiSeq 4000 PE100 lane. Raw data were first cleaned using the R package
BBmap (sourceforge.net/projects/bbmap). Genome assembly of the Mexican specimen
was carried out using as reference a sequence of the complete cox1 gene of a record named
as A. franciscana available in Genbank (accession number: NC001620.1), whereas for the
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sample of A. salina a partial sequence of cox1 was used as seed (accession number:
KX925417.1), and to avoid possible bias, checked against EU543451.1 (Muñoz et al., 2008).
Finally, annotation was performed using the MITOchondrial genome annotation server 2
(MITOS2) (Bernt et al., 2012), checking manually the start and stop codons of all
coding genes. The circular map of the Artemia mitogenome and its constituent genes
are represented in Fig. S1. Mitogenomic annotations are specified in Tables S1 and S2.
Newly generated mitogenomes were deposited in Genbank with the accession numbers
MT495440 and MT495441, respectively.

We gathered all the complete mitogenomes of Anostraca published in the literature
and available in GenBank to construct a data set composed of: a mitogenome of
A. franciscana from San Francisco Bay (NC001620.1) (Perez et al., 1994; Valverde et al.,
1994), a mitogenome of A. sinica (MK069595.1) (Asem et al., 2019), another of A. urmiana,
and two mitogenomes from specimens of two populations of Tibet (identified as
A. tibetiana, NC021382.1, JQ975177.1, JQ975178.1 respectively) (Zhang et al., 2013).
Finally, to include a sample of A. persimilis we merged partial mitogenomic sequences
of three genes (cox1, 12S, and 16S) derived from two different Argentinian samples
(KX925418, KX925432 (Qian, Yuangao & Liying, GenBank); FJ007810 (Kappas et al.,
2009)). Mitogenomes of Streptocephalus sirindhornae Sanoamuang et al., 2000
(KP273593.1 (Liu et al., 2015)) and of Phallocryptus tserensodnomi Alonso & Ventura,
2013 (NC026710 (Fan, Lu & Yang, 2016)) were included as outgroups.

For phylogenetic reconstruction purposes, we considered only protein-coding and
ribosomal RNA genes, since tRNA genes are highly conserved and resulted to be non-
informative. We first extracted a matrix for each protein-coding gene, then we aligned each
gene matrix based on their corresponding amino acid translations according to the
invertebrate mitochondrial genetic code using the TranslatorX Web Server (Abascal,
Zardoya & Telford, 2010) by selecting the MAFFT algorithm (Katoh et al., 2005).
We allowed TranslatorX to determine the most likely reading frame. We cleaned the
matrixes by removing poorly aligned sites under the Gblocks protein information criterion
(Castresana, 2000). For a less stringent selection of the positions to be discarded we
allowed gap positions within the final blocks, and for a more stringent selection we did
not allow many contiguous non-conserved positions (Abascal, Zardoya & Telford, 2010).
RNA genes were aligned and cleaned through the MAFFT and Gblocks online services
(Katoh, Rozewicki & Yamada, 2017; Talavera & Castresana, 2007). PartitionFinder
v2 (Lanfear et al., 2017) was used to select the best partition scheme and molecular
evolutionary models under the Bayesian Information Criterion (BIC; Schwarz, 1978)
(Table S2). Because of previous reports of accelerated nucleotide rates (Crease, 1999;
Hebert et al., 2002), we tried to reduce the possible effect of saturation by using a data set
including only amino acid sequences of coding mtDNA plus ribosomal genes.

Phylogenetic reconstruction was performed using a Bayesian Inference approach
implemented in MrBayes version 3.2.6 (Ronquist et al., 2012), using the amino acid +
ribosomal concatenated data. MrBayes analyses consisted of two simultaneous runs of
100 million generations each, sampling trees every 10,000 generations. Mixing and
convergence among runs were evaluated by checking the average standard deviation of
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split frequencies, the EES values and the Potential Scale Reduction Factor (PSRF) for each
parameter. A majority consensus tree was reconstructed after discarding the first 2,000
sampled trees as burn-in.

Divergence times across taxa within Artemia (Fig. 2) were estimated using Bayesian
relaxed molecular clocks implemented in BEAST version 1.8.2 (Drummond et al., 2012).
In order to calibrate the molecular clock, we used information derived from fossil
specimens originally identified as A. salina from the Messinian Kalavasos Formation in
Cyprus (Manzi et al., 2016). Since the identification of the fossil at the species level is
difficult to determine, we considered two alternative scenarios where the fossil might
be differently placed. A first scenario (Scheme 1) followed the identification ofManzi et al.
(2016) and the fossil was set at the node which clusters all species of Artemia excluding
A. persimilis (Fig. 2). Alternatively, the fossil was treated as a member of the Asian
clade (Scheme 2) and thus, the calibration point was settled at the node which clusters
the Asian species (Fig. S2). These analyses were performed on the concatenated data
set partitioned by gene. This matrix was composed of 13 partitions, the first two
corresponding to the ribosomal genes, and the remaining corresponding to the protein-
coding genes, except NAD4 and NAD4L, and ATP6 and ATP8, which were merged within
the same partition. Site models as well as molecular clocks were unlinked across genes.
Trees were linked to ensure that all partitions shared the same tree topology. We used
uncorrelated lognormal relaxed clocks with an uninformative prior of substitution
rates (gamma distribution, initial value = 0.01, shape = 0.01, offset = 0).Manzi et al. (2016)

Yangnapeng Co, Tibet (China)

-3 0 -2 5 -2 0 -1 5 -1 0 - 5 0

S. sirindhornae

P. tserensodnomi

Ejinor Lake (China) 

Lake Urmia (Iran) 
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Artemia

Figure 2 Chronogram showing lineage divergence times in Artemia obtained using BEAST
following the first scenario hypothesis (Scheme 1). Time indicated in million years (Ma). Dark blue
horizontal bars represent 95% HPD (High Posterior Density). A posterior probability value of 1 was
obtained for all nodes. Full-size DOI: 10.7717/peerj.10865/fig-2
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estimated that the age of the sediments where the fossil was found was about 5.55 Ma.
This age was used as a minimum age for the node, a prior with a lognormal distribution
(offset = 5.55, mean = 5.55, standard deviation = 0.1), in each of the two proposed
scenarios above. Birth-Death model was set as tree prior. The analyses were run for
100 million generations, sampling every 10,000; we inspected the trace plots and effective
sample sizes in Tracer 1.8.0 (Drummond & Rambaut, 2007). The first 20 million states
were discarded as burn-in. We used Bayes Factor comparison as implemented in BEAST
to compare the marginal likelihood value of the two alternative scenarios in which the
fossil was placed. To perform marginal likelihood estimations using path sampling
(PS)/stepping-stone sampling (Baele et al., 2012) we selected the respective option in the
MCMC-BEAUti panel following the default settings. We compared the two marginal
likelihood values using the likelihood ratio test, 2Ln (H0–H1). We followed the
interpretation of Kass & Raftery (1995) according to which values larger than 2 indicate
positive support for one model over the other, and values larger than 6 indicate strong
positive support.

Additionally, divergence times across Artemia were estimated by using published
nucleotide substitution rates to offer a comparison against the results obtained with fossil
evidence. In one case, we used the coxI nucleotide substitution rate that was previously
used to date phylogenies of Anostraca (Reniers et al., 2013; Lindholm et al., 2016;
Rodríguez-Flores et al., 2020) (Scheme 3, Fig. S3). CoxI nucleotide substitution rate
was estimated from the speciation event of two sister species of snapping shrimps
(Decapoda: Alpheidae) separated by the closure of the Isthmus of Panama (Knowlton &
Weight, 1998). In a second case, we used the average mitochondrial substitution rate
for Artemia obtained by Luchetti et al. (2019), who calculated the substitution rates per
branch in a time-tree that included representative species of Anostraca, Cladocera and
Notostraca (Scheme 4, Fig. S4). For the first case (Scheme 3) we used the concatenated
data set partitioned by gene. Site models as well as molecular clocks were unlinked across
genes using uncorrelated lognormal relaxed clocks. A lognormal distribution in real
space (initial value = 1.0, mean = 0.007, standard deviation = 0.1) was assigned for the
ucld.mean parameter of the coxI marker. For the remaining markers, we used
uninformative priors (gamma distribution, initial value = 0.01, shape = 0.01, offset = 0).
For the second case (Scheme 4), we also used the concatenated dataset with partitions per
gene. Site models were unlinked but, differently from the previous case, molecular clocks
were linked since the substitution rate was calculated for the entire mitogenome.
A lognormal distribution in real space (initial value = 0.0045, mean = 0.0045, standard
deviation = 0.18) was assigned for the ucld.mean parameter. The length of the MCMC
chain was 100 million generations, sampling every 10,000. Trace plots and effective sample
size were inspected in Tracer 1.8.0 (Drummond & Rambaut, 2007). Finally, the first
20 million states were discarded as burn-in.

All analyses were run in the web public resource CIPRES Science Gateway version 3.3
(Miller, Pfeiffer & Schwartz, 2011).

To compare these dating Schemes (1–4) with previous divergence time estimations
in Artemia, we replicated our analysis using a nucleotide matrix, instead of the amino acid
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one already used. This matrix was composed of the same 13 partitions explained above.
We relaxed the age limits to avoid fixation of narrow bonds imposed by the date of the
fossil. Additionally, we replicated the divergence time estimation of Eimanifar, Van
Stappen & Wink (2015) using this nucleotide dataset. To accomplish this, we used the
estimated age of the node that separates A. salina from the remaining lineages obtained in
Eimanifar, Van Stappen & Wink (2015) (27 Ma, 95% HPD 67.49–10.54 Ma) to calibrate
the molecular clock (lognormal distribution, offset = 10.65, mean = 20, standard
deviation = 0.6).

Analyses of available nuclear DNA and mtDNA data
A total of 428 nDNA sequences of the ITS region of Artemia (Abatzopoulos et al., 2009;
Asem, Eimanifar & Sun, 2016, Asem et al., 2019; Baxevanis, Kappas & Abatzopoulos,
2006; Eimanifar et al., 2014; Kappas et al., 2009; Maccari, Amat & Gómez, 2013; Maniatsi
et al., 2009; Valsala, Sugathan & Bharathan, 2015; Vikas et al., 2012) and one of
Streptocephalus proboscideus (Frauenfeld, 1873) (AY519840) used as outgroup, were
downloaded from GenBank and aligned using MAFFT algorithm (Katoh & Toh,
2008). The resulting matrix was cleaned through Gblocks DNA information criterion
(Castresana, 2000) excluding several contiguous non-conserved positions and allowing gap
positions within the final blocks. A collapsed-haplotype matrix was obtained using the
web-based tool ALTER (Glez-Peña et al., 2010) allowing gaps as variable characters.
Phylogenetic analyses were performed using a Bayesian Inference approach implemented
in MrBayes, using the ITS collapsed data (a total of 226 sequences, including the
outgroup). The best substitution model was estimated by setting the command lset nst
to mixed. This procedure results in the Markov chain sampling over the space of all
possible reversible substitution models, no matter whether they have a name (e.g., HKY,
F81) or not. The analysis consisted of a run of 5 million generations, sampling trees every
1,000 generations.

Because of their different effective population sizes, and being differently conditioned
by ploidy and inheritance mechanisms, phylogeographic analyses were performed for
nuclear and mitochondrial molecular markers separately (Rodríguez-Flores et al., 2017,
2020). Phylogeographic analyses for the New World Lineage, based on cox1 mtDNA data,
were performed once all sequences from areas falling outside the assumed native
distribution of the New World Lineage (American Continent) were removed (Eimanifar
et al., 2014; Eimanifar, Van Stappen & Wink, 2015). A cox1 fragment, extracted from
the mitogenome of the specimen from Laguna Ojo de Liebre (Guerrero Negro, Baja
California, Mexico) was also included. Sequences were dealt with DNA Sequence
Polymorphism version 6.12.01 (Rozas et al., 2017) and collapsed to haplotypes or
unique alleles. Gaps in the nuclear marker were treated as variable characters, and
consequently a matrix in which each gapped position was considered as a different
character was used in the analyses. Networks were constructed through Population
Analysis with Reticulate Trees (PopART) 1.7 software (Leigh & Bryant, 2015) applying
a TCS algorithm to shape the relationships between alleles. All the information on
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sequence-haplotype correspondence and their bibliographic sources is shown in
Tables 1 and 2.

Nomenclature
An exhaustive bibliographical search was undertaken to locate and gather all original
publications in which any possible nomenclatural act affecting Artemia was published.
The search started with four main sources for synonymies: Daday de Deés (1910), Belk &
Brtek (1995), Asem, Rastegar-Pouyani & De Los Ríos-Escalante (2010), Asem et al.
(2020), and Rogers (2013). From there, we sought for any additional bibliographic
information mentioned in each of the papers consulted. A final search through the
Zoological Record database was completed. Each publication was carefully revised in
two ways, a first one to obtain data on reproduction mode, ploidy level if available, and
precise geographic location of the populations from where names were published; and a
second one to evaluate every taxonomic decision made by subsequent authors upon these
names in accordance to the rules and recommendations of the International Code of
Zoological Nomenclature (International Commission on Zoological Nomenclature, 1999).
The second revision included examination of some taxonomic features, including level
of detail in the morphological description, designation of type series or holotype, original
intention of the author while providing a name (see “Appendix I” for unavailable names),
and a subjective evaluation of the methods used to define the evolutionary unit on
which the name was applied.

In order to preserve the desired nomenclatural stability, we have tried to assign each of
the available names to their respective biological unit. For this task, we used information
from type localities (terrae typicae) from which taxa were described, because, even if at
the time of the description reproductive mode, ploidy, or mtDNA lineage were not
recorded, in some cases they were studied subsequently. Problems arose when type
locality was not precise, or when introductions were taking place in the area, rendering
impossible to determine if the new data gathered actually corresponded to the originally
named population (see nomina dubia in “Appendix II”). There are names that have
been applied historically to parthenogenetic populations, but because they are considered
to be the same species as their closely related bisexuals (see below), any of the names
applied to parthenogenetic populations are also available for naming the species to which
they belong (International Commission on Zoological Nomenclature, 1999).

RESULTS
Genome content and organization
The complete mitochondrial genomes of A. salina and A. franciscana are typical circular
DNA molecules of 15,436 bp and 15,825 bp, respectively (Tables S1 and S2; Fig. S1).
These mitogenomes encoded the typical 37 genes, including 13 protein-coding genes, 22
transfer RNAs and 2 ribosomal RNAs and a putative mtDNA control region. Like many
other mitochondrial genomes of arthropods, the major strand (J strand) carried most of
the genes (9 PCGs and 13 tRNAs), while the remaining genes were on the minor strand
(N strand). Gene order and orientation were the same as indicated in the previously
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Table 1 Nuclear sequences of the Western Asian Lineage (A. urmiana) used in this study.

N�

Hap
Sample
size

Literature/GenBank referred Taxon* GenBank accession numbers Literature source

1 2 A. urmiana* DQ069926*, DQ084193* Unpublished data*

2 81 Parthenogenetic; A. urmiana;
Parthenogens; Kazakhstan sp., A.
urmiana, Diploid parthenogens,
A. tibetiana;Diploids, Triploids,
Pentaploids; A. parthenogenetica*,
A. tibetiana*, Artemia sp. Kazakhstan*

DQ201281, DQ201282; MK752753,
MK752755, MK752757;
FJ004943–FJ004944; KF736247, KF736248,
KF736250, KF736253, KF736254,
KF736256, KF736260–KF736263,
KF736266, KF736267, KF736278,
KF736280–KF736285, KF736287,
KF736289, KF736290–KF736295;
KU183800–KU183804,
KU183810–KU183836, KU183843,
KU183844, KU183847; MG572086*,
MG572087*, MG572089*, MG572092*,
MG572093*, MG572099*, MG5720101*,
MG5720102*, MG5720104*; DQ069927*;
KY000017*, KY000021*

Baxevanis, Kappas & Abatzopoulos (2006),
Abatzopoulos et al. (2009), Kappas et al.
(2009), Maccari, Amat & Gómez (2013),
Asem, Eimanifar & Sun (2016),
Unpublished data*

3 4 A. parthenogenetica* KY000014, KY000015, KY000016*;
MG572082*

Unpublished data*

4 2 Diploid parthenogens KF736274, KF736275 Maccari, Amat & Gómez (2013)

5 1 Diploids KU183837 Asem, Eimanifar & Sun (2016)

6 2 A. parthenogenetica* MG572083, MG572091* Unpublished data*

7 1 A. sp. Kazakhstan DQ084194* Unpublished data*

8 1 A. urmiana KF736251 Maccari, Amat & Gómez (2013)

9 1 A. urmiana KF736252 Maccari, Amat & Gómez (2013)

10 2 Diploid parthenogens KF736268, KF736269 Maccari, Amat & Gómez (2013)

11 1 Pentaploids KU183845 Asem, Eimanifar & Sun (2016)

12 1 Parthenogenetic DQ201280 Baxevanis, Kappas & Abatzopoulos (2006)

13 5 Tetraploids KU183805–KU183809 Asem, Eimanifar & Sun (2016)

14 1 A. parthenogenetica* MG572095* Unpublished data*

15 5 Tetraploids KU183838–KU183842 Asem, Eimanifar & Sun (2016)

16 1 Artemia sp.* DQ069928* Unpublished data*

17 1 A. urmiana DQ201277 Baxevanis, Kappas & Abatzopoulos (2006)

18 1 Parthenogenetic DQ201278 Baxevanis, Kappas & Abatzopoulos (2006)

19 1 A. urmiana MK752756 Abatzopoulos et al. (2009)

20 14 Diploid parthenogens; Pentaploids KF736255, KF736257–KF736259,
KF736264, KF736265, KF736270,
KF736272, KF736276, KF736277,
KF736279, KF736286, KF736288;
KU183846

Maccari, Amat & Gómez (2013), Asem,
Eimanifar & Sun (2016)

21 2 Diploid parthenogens KF736271, KF736273 Maccari, Amat & Gómez (2013)

22 1 A. urmiana KF736249 Maccari, Amat & Gómez (2013)

23 1 Parthenogenetic DQ201279 Baxevanis, Kappas & Abatzopoulos (2006)

24 1 Parthenogenetic DQ201274 Baxevanis, Kappas & Abatzopoulos (2006)

25 1 Parthenogenetic DQ201283 Baxevanis, Kappas & Abatzopoulos (2006)

26 1 Artemia sp.* DQ084195* Unpublished data*

(Continued)
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Table 1 (continued)

N�

Hap
Sample
size

Literature/GenBank referred Taxon* GenBank accession numbers Literature source

27 1 A. parthenogenetica* MG572097* Unpublished data*

28 1 A. urmiana MK752754 Abatzopoulos et al. (2009)

29 2 A. tibetiana*, A. parthenogenetica* MG572103*, MG572096* Unpublished data*

30 2 A. parthenogenetica* MG572084,85* Unpublished data*

31 1 A. parthenogenetica* MG572098* Unpublished data*

32 10 Eurasian Haplotype
Complex (EHC)

KF703803, KF703804, KF703825,
KF703830–KF703833, KF703837,
KF703841, KF703844, KF703853

Eimanifar et al. (2014)

33 1 Eurasian Haplotype
Complex (EHC)

KF703792 Eimanifar et al. (2014)

34 1 Eurasian Haplotype
Complex (EHC)

KF703851 Eimanifar et al. (2014)

35 1 Eurasian Haplotype
Complex (EHC)

KF703835 Eimanifar et al. (2014)

36 9 Eurasian Haplotype
Complex (EHC)

KF703769, KF703774, KF703780,
KF703828, KF703831, KF703840,
KF703843, KF703845, KF703846

Eimanifar et al. (2014)

37 2 Eurasian Haplotype
Complex (EHC)

KF703783, KF703829 Eimanifar et al. (2014)

38 2 Eurasian Haplotype
Complex (EHC)

KF703775, KF703782 Eimanifar et al. (2014)

39 1 A. tibetiana KF703785 Eimanifar et al. (2014)

40 1 Eurasian Haplotype
Complex (EHC)

KF703772 Eimanifar et al. (2014)

41 1 Eurasian Haplotype
Complex (EHC)

KF703768 Eimanifar et al. (2014)

42 1 Eurasian Haplotype
Complex (EHC)

KF703805 Eimanifar et al. (2014)

43 1 Parthenogenetic DQ201284 Baxevanis, Kappas & Abatzopoulos (2006)

44 2 A. tibetiana DQ201269, DQ201270 Baxevanis, Kappas & Abatzopoulos (2006)

45 1 A. urmiana DQ201275 Baxevanis, Kappas & Abatzopoulos (2006)

46 1 A. urmiana DQ201276 Baxevanis, Kappas & Abatzopoulos (2006)

47 1 Eurasian Haplotype
Complex (EHC)

KF703809 Eimanifar et al. (2014)

48 1 Parthenogenetic DQ201273 Baxevanis, Kappas & Abatzopoulos (2006)

49 1 Parthenogenetic DQ201271 Baxevanis, Kappas & Abatzopoulos (2006)

50 1 Parthenogenetic DQ201272 Baxevanis, Kappas & Abatzopoulos (2006)

51 1 A. tibetiana KF703798 Eimanifar et al. (2014)

52 1 A. urmiana MK691705 Asem et al. (2019)

53 2 A. urmiana MK691706, MK691763 Asem et al. (2019)

54 1 A. urmiana MK691716 Asem et al. (2019)

55 1 A. urmiana MK691711 Asem et al. (2019)

56 1 A. urmiana MK691713 Asem et al. (2019)

57 2 A. urmiana MK691748, MK691757 Asem et al. (2019)
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Table 1 (continued)

N�

Hap
Sample
size

Literature/GenBank referred Taxon* GenBank accession numbers Literature source

58 1 A. urmiana MK691741 Asem et al. (2019)

59 11 A. urmiana MK691726, MK691727, MK691732,
MK691735, MK691738, MK691744,
MK691746, MK691749, MK691752,
MK691754, MK691760

Asem et al. (2019)

60 1 A. urmiana MK691734 Asem et al. (2019)

61 1 A. urmiana MK691736 Asem et al. (2019)

62 1 A. urmiana MK691737 Asem et al. (2019)

63 2 A. urmiana MK691756, MK691764 Asem et al. (2019)

64 1 A. urmiana MK691718 Asem et al. (2019)

65 1 A. urmiana MK691712 Asem et al. (2019)

66 1 A. urmiana MK691729 Asem et al. (2019)

67 1 A. urmiana MK691742 Asem et al. (2019)

68 1 A. urmiana MK691724 Asem et al. (2019)

69 1 A. urmiana MK691733 Asem et al. (2019)

70 1 A. urmiana MK691740 Asem et al. (2019)

71 1 A. urmiana MK691750 Asem et al. (2019)

72 1 A. urmiana MK691762 Asem et al. (2019)

73 1 A. urmiana MK691761 Asem et al. (2019)

74 1 A. urmiana MK691714 Asem et al. (2019)

75 2 A. urmiana MK691747, MK691751 Asem et al. (2019)

76 1 A. urmiana MK691759 Asem et al. (2019)

77 1 A. urmiana MK691730 Asem et al. (2019)

78 1 A. urmiana MK691717 Asem et al. (2019)

79 2 A. urmiana MK691728, MK691753 Asem et al. (2019)

80 1 A. urmiana MK691743 Asem et al. (2019)

81 1 A. urmiana MK691709 Asem et al. (2019)

82 1 A. urmiana MK691725 Asem et al. (2019)

83 1 A. urmiana MK691708 Asem et al. (2019)

84 1 A. urmiana MK691721 Asem et al. (2019)

85 1 A. urmiana MK691707 Asem et al. (2019)

86 1 A. urmiana MK691731 Asem et al. (2019)

87 1 A. urmiana MK691745 Asem et al. (2019)

88 1 A. urmiana MK691710 Asem et al. (2019)

89 1 A. urmiana MK691739 Asem et al. (2019)

90 1 A. urmiana MK691755 Asem et al. (2019)

91 1 A. urmiana MK691720 Asem et al. (2019)

92 1 A. urmiana MK691719 Asem et al. (2019)

93 1 A. urmiana MK691723 Asem et al. (2019)

94 1 A. urmiana MK691715 Asem et al. (2019)

95 1 A. urmiana MK691722 Asem et al. (2019)

(Continued)
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published Artemia mitogenomes (Perez et al., 1994; Valverde et al., 1994; Zhang et al.,
2013; Asem et al., 2019).

Phylogeny of Artemia
The topology of the Bayesian phylogram derived from the amino acid + ribosomal
concatenated mitochondrial data set was totally congruent with the topology of the
ultrametric tree obtained from BEAST (Fig. 2). All nodes are supported with a posterior
probability of 1 (PP).

The obtained temporal schemes of diversification in Artemia differ markedly depending
on the type of evidence used to calibrate the molecular clock (Fig. 2; Figs. S2, S3 and S4)
(Table 3). For example, the earliest diversification event within the genus took place in
the Late Miocene according to Scheme 3, or in the Paleocene (Scheme 4). The ages of
the speciation events within Artemia under the different schemes are summarized in
Table 3.

Bayes Factor comparison between the model marginal likelihoods of Schemes 1 and 2,
favors scheme 1 hypothesis: 2lnBF = 2�((−34245.58) − (−34274.06)) = 58.96, which,
according to the scale given in Kass & Raftery (1995), can be interpreted as very strong
support in favor of Scheme 1.

All phylogenetic analyses yielded the same tree topology. This topology is described
below, incorporating the TMRCAs corresponding to Scheme 1. The sample representing
the Southern Cone lineage (A. persimilis) is sister to a clade that includes all the remaining
ingroup samples (PP = 1); the splitting event between A. persimilis and the ancestor of
all the remaining Artemia took place about 15.3 Ma (95% HPD 18.15–12.8 Ma).
This separation event coincides with the split of the outgroup species (P. tserensodnomi
and S. sirindhornae). A subsequent speciation event, 11.0 Ma (95% HPD 12.19–10.04 Ma),

Table 1 (continued)

N�

Hap
Sample
size

Literature/GenBank referred Taxon* GenBank accession numbers Literature source

96 1 A. urmiana MK691758 Asem et al. (2019)

97 1 A. urmiana KF703810 Eimanifar et al. (2014)

98 5 A. urmiana KF703811, KF703813, KF703815,
KF703819, KF703822

Eimanifar et al. (2014)

99 1 A. urmiana KF703817 Eimanifar et al. (2014)

100 1 A. urmiana KF703824 Eimanifar et al. (2014)

101 1 A. urmiana KF703821 Eimanifar et al. (2014)

102 2 A. urmiana KF703814, KF703820 Eimanifar et al. (2014)

103 1 A. urmiana KF703818 Eimanifar et al. (2014)

104 1 A. urmiana KF703823 Eimanifar et al. (2014)

105 1 A. urmiana KF703812 Eimanifar et al. (2014)

106 1 A. urmiana KF703816 Eimanifar et al. (2014)

Note:
Nuclear sequences of the Western Asian Lineage (A. urmiana) used in this study. Names used for populations with available gene sequences are those originally
mentioned by their respective authors (Literature referred Taxon). In “GenBank accession number” column, a semi-colon separates sequences by groups according to
bibliographic sources, as indicated in “Literature source” column. Symbol “*” indicates that the corresponding sequences were not reported in publications.
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Table 2 MtDNA sequences of the New World Lineage (A. monica ¼ A. franciscana) used in this study.

N�

Hap
Sample
size

Literature
referred
Taxon

GenBank accession numbers Literature source

1 1 A. franciscana KF662979 Muñoz et al. (2013)

2 2 A. franciscana KF662978 Muñoz et al. (2013)

3 1 A. franciscana KF662984 Muñoz et al. (2013)

4 1 A. franciscana KF662980 Muñoz et al. (2013)

5 1 A. franciscana KF662981 Muñoz et al. (2013)

6 1 A. franciscana KF662983 Muñoz et al. (2013)

7 1 A. franciscana KF662982 Muñoz et al. (2013)

8 1 A. franciscana KF662962 Muñoz et al. (2013)

9 1 A. franciscana KF662963 Muñoz et al. (2013)

10 1 A. franciscana KF662967 Muñoz et al. (2013)

11 1 A. franciscana KF662966 Muñoz et al. (2013)

12 1 A. franciscana KF662965 Muñoz et al. (2013)

13 1 A. franciscana KF662964 Muñoz et al. (2013)

14 8 A. franciscana KF662951, KF663001, DQ401271, DQ401273, DQ401277 Muñoz et al. (2013)

15 1 A. franciscana DQ401276 Tizol-Correa et al. (2009)

16 3 A. franciscana DQ401272, DQ401275, DQ401278 Tizol-Correa et al. (2009)

17 1 A. franciscana DQ401274 Tizol-Correa et al. (2009)

18 1 A. franciscana KF663002 Muñoz et al. (2013)

19 1 A. franciscana KF663021 Muñoz et al. (2013)

20 1 A. franciscana KF663020 Muñoz et al. (2013)

21 1 A. franciscana DQ119645 Hou et al. (2006)

22 4 A. franciscana KF691137–KF691139, KF691141 Eimanifar et al. (2014)

23 1 A. franciscana KF691142 Eimanifar et al. (2014)

24 1 A. franciscana KF691140 Eimanifar et al. (2014)

25 3 A. franciscana KF662985 Muñoz et al. (2013)

26 1 A. franciscana KF662986 Muñoz et al. (2013)

27 1 A. franciscana KF662997 Muñoz et al. (2013)

28 1 A. franciscana KF662987 Muñoz et al. (2013)

29 1 A. franciscana KF662988 Muñoz et al. (2013)

30 1 A. franciscana KF662995 Muñoz et al. (2013)

31 1 A. franciscana KF662994 Muñoz et al. (2013)

32 1 A. franciscana KF662989 Muñoz et al. (2013)

33 1 A. franciscana KF662990 Muñoz et al. (2013)

34 1 A. franciscana KF662991 Muñoz et al. (2013)

35 1 A. franciscana KF662993 Muñoz et al. (2013)

36 1 A. franciscana KF662992 Muñoz et al. (2013)

37 1 A. franciscana KF662996 Muñoz et al. (2013)

38 1 A. franciscana KF662955 Muñoz et al. (2013)

39 3 A. franciscana KF662956, KF662958 Muñoz et al. (2013)

40 2 A. franciscana KF662957 Muñoz et al. (2013)

(Continued)
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Table 2 (continued)

N�

Hap
Sample
size

Literature
referred
Taxon

GenBank accession numbers Literature source

41 1 A. franciscana KF662961 Muñoz et al. (2013)

42 1 A. franciscana KF663035 Muñoz et al. (2013)

43 4 A. franciscana KF663022, KF663024 Muñoz et al. (2013)

44 1 A. franciscana KF663032 Muñoz et al. (2013)

45 1 A. franciscana KF663031 Muñoz et al. (2013)

46 1 A. franciscana KF663025 Muñoz et al. (2013)

47 2 A. franciscana KF663023 Muñoz et al. (2013)

48 1 A. franciscana KF663034 Muñoz et al. (2013)

49 1 A. franciscana KF663033 Muñoz et al. (2013)

50 1 A. franciscana KF662974 Muñoz et al. (2013)

51 1 A. franciscana This study

52 3 A. franciscana KF691435, KF691437, KF691438 Eimanifar et al. (2014)

53 5 A. franciscana KF663000, KF663003; KF691320, KF663022 Muñoz et al. (2013), Eimanifar et al. (2014)

54 1 A. franciscana KF663005 Muñoz et al. (2013)

55 2 A. franciscana KF662959 Muñoz et al. (2013)

56 3 A. franciscana KF662999; KF691319 Muñoz et al. (2013), Eimanifar et al. (2014)

57 1 A. franciscana KF663004 Muñoz et al. (2013)

58 1 A. franciscana KF662998 Muñoz et al. (2013)

59 7 A. franciscana KF662970, KF662976; AB859231 Muñoz et al. (2013, 2014)

60 1 A. franciscana KF663006 Muñoz et al. (2013)

61 1 A. franciscana KF663008 Muñoz et al. (2013)

62 1 A. franciscana KF663007 Muñoz et al. (2013)

63 2 A. franciscana KF662971; AB859232 Muñoz et al. (2013, 2014)

64 1 A. franciscana* KF663037 Muñoz et al. (2013)

65 1 A. franciscana* KF663040 Muñoz et al. (2013)

66 1 A. franciscana* KF663038 Muñoz et al. (2013)

67 1 A. franciscana* KF663042 Muñoz et al. (2013)

68 1 A. franciscana* KF663039 Muñoz et al. (2013)

69 1 A. franciscana* KF663041 Muñoz et al. (2013)

70 56 A. franciscana KF662968;AB859230; KF691384–KF691390, KF691535, KF691537,
KF691538, KF691541, KF691543, KF691544, KF691546; KJ863430,
KJ863432–KJ863435, KJ863437, KJ863440–KJ863442,
KJ863444–KJ863449, KJ863451–KJ863453, KJ863456–KJ863458,
KJ863459, KJ863461, KJ863464, KJ863468–KJ863470, KJ863472,
KJ863473, KJ863475–KJ863478, KJ863480, KJ863483, KJ863488,
KJ863490

Muñoz et al. (2013, 2014), Eimanifar et al.
(2014), Eimanifar, Van Stappen & Wink
(2015)

71 1 A. franciscana KJ863465 Eimanifar, Van Stappen & Wink (2015)

72 1 A. franciscana DQ119646 Hou et al. (2006)

73 3 A. franciscana KF662969; KJ863463 Muñoz et al. (2013), Eimanifar, Van
Stappen & Wink (2015)

74 2 A. franciscana KF691539; KJ863454 Eimanifar et al. (2014), Eimanifar, Van
Stappen & Wink (2015)
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Table 2 (continued)

N�

Hap
Sample
size

Literature
referred
Taxon

GenBank accession numbers Literature source

75 1 A. franciscana KJ863462 Eimanifar, Van Stappen & Wink (2015)

76 22 A. franciscana KF662977; AB859239; KF691536, KF691540, KF691542, KF691545;
KJ863431, KJ863436, KJ863438, KJ863439, KJ863443, KJ863455,
KJ863460, KJ863466, KJ863467, KJ863471, KJ863474, KJ863479,
KJ863481, KJ863482, KJ863487, KJ863489

Muñoz et al. (2013, 2014), Eimanifar et al.
(2014), Eimanifar, Van Stappen & Wink
(2015)

77 1 A. franciscana KJ863485 Eimanifar, Van Stappen & Wink (2015)

78 1 A. franciscana KJ863484 Eimanifar, Van Stappen & Wink (2015)

79 1 A. franciscana KJ863486 Eimanifar, Van Stappen & Wink (2015)

80 1 A. franciscana KJ863450 Eimanifar, Van Stappen & Wink (2015)

81 9 A. franciscana KF662960; AB859233 Muñoz et al. (2013, 2014)

82 1 A. franciscana KF662972 Muñoz et al. (2013)

83 1 A. franciscana KF662973 Muñoz et al. (2013)

84 5 A. franciscana DQ401269, DQ401270; KF662975; AB859238 Tizol-Correa et al. (2009), Muñoz et al.
(2013, 2014)

85 1 A. franciscana KF691321 Eimanifar et al. (2014)

86 1 A. franciscana KF691323 Eimanifar et al. (2014)

87 3 A. franciscana GU248369–GU248371 Maniatsi et al. (2009)

88 1 A. franciscana GU248372 Maniatsi et al. (2009)

89 2 A. franciscana GU248373, GU248374 Maniatsi et al. (2009)

90 2 A. franciscana GU248379, GU248380 Maniatsi et al. (2009)

91 2 A. franciscana GU248377, GU248378 Maniatsi et al. (2009)

92 2 A. franciscana GU248375, GU248376 Maniatsi et al. (2009)

93 4 A. franciscana KF663009, KF663016 Muñoz et al. (2013)

94 2 A. franciscana KF663010, KF663013 Muñoz et al. (2013)

95 1 A. franciscana KF663012 Muñoz et al. (2013)

96 1 A. franciscana KF663014 Muñoz et al. (2013)

97 3 A. franciscana KF663011, KF663017 Muñoz et al. (2013)

98 1 A. franciscana KF663018 Muñoz et al. (2013)

99 1 A. franciscana KF663019 Muñoz et al. (2013)

100 1 A. franciscana KF663015 Muñoz et al. (2013)

101 1 A. franciscana KF663029 Muñoz et al. (2013)

102 1 A. franciscana KF663028 Muñoz et al. (2013)

103 1 A. franciscana KF662952 Muñoz et al. (2013)

104 2 A. franciscana KF662953; KF691436 Muñoz et al. (2013), Eimanifar et al. (2014)

105 1 A. franciscana KF663030 Muñoz et al. (2013)

106 1 A. franciscana KF663027 Muñoz et al. (2013)

107 1 A. franciscana KF663026 Muñoz et al. (2013)

108 6 A. franciscana GU248363, GU248364, GU248365, GU248366, GU248367, GU248368 Maniatsi et al. (2009)

109 1 A. franciscana GU248362 Maniatsi et al. (2009)

Note:
MtDNA sequences of the New World Lineage (A. monica ¼ A. franciscana) used in this study. Names used for populations with available gene sequences are those
originally mentioned by their respective authors (Literature referred Taxon). * indicates samples fromMono Lake (California). In “GenBank accession number” column, a
semi-colon separates sequences by groups according to bibliographic sources, as indicated in “Literature source” column.
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separated the Mediterranean-South African lineage (A. salina) from the ancestor of
all other taxa during the Late Miocene. The clade composed by the North American
samples (A. monica, see taxonomic discussion) is sister to the Asian Clade (PP = 1).
These two clades started to diverge about 8.4 Ma (95% HPD 9.55–7.32 Ma). The two
specimens that conform the North American lineage, Guerrero Negro and San Francisco
Bay, diverged in the Pleistocene, 1 Ma (95% HPD 1.37–0.72 Ma). Separation between
the Eastern (A. sinica) and Western (A. urmiana) Asian lineages occurred about 6.6 Ma
(95% HPD 7.40–5.47 Ma). Mitogenome information suggests that historical isolation
within the Western Asian lineage started 2.4 Ma (95% HPD 3.02–1.95 Ma) by the
divergence of Tibetan populations from the remaining populations that conform this
clade.

The Bayesian analysis of the nuclear marker dataset (ITS region) generated a tree
constituted by five well-supported clades (Fig. 3). Main clades show posterior probabilities
between 0.90 and 1 (black spots), although relationships among them are not always fully
resolved: The Southern Cone Lineage constitutes a well-defined clade and includes
bisexual populations from Chile (Pichilemu and Torres del Paine), and Argentina
(Buenos Aires) (Baxevanis, Kappas & Abatzopoulos, 2006; Kappas et al., 2009). The New
World Lineage is conformed by some well differentiated internal clades, in which
specimens from populations from Argentina, Brazil, Canada, Chile, Mexico, Jamaica and
USA (Great Salt Lake and San Francisco Bay) are included. Introduced populations
from Cape Verde, China, India, Iraq, Iran, Italy, Portugal, South Africa, Sri Lanka and
Vietnam (Baxevanis, Kappas & Abatzopoulos, 2006; Kappas et al., 2009; Maniatsi et al.,
2009; Vikas et al., 2012; Eimanifar et al., 2014; Valsala, Sugathan & Bharathan, 2015), fall
also in this clade. The Asian Lineage is formed by two well defined and separated clades:
Western and Eastern Asian clades. The Western clade contains bisexual populations from
Iran, Ukraine, Tibet and Kazakhstan, and diploid, triploid, tetraploid and pentaploid
parthenogenetic populations from Azerbaijan, China (including Tibetan populations),

Table 3 Comparison of different temporal diversification schemes in Artemia.

Node Node
description

Scheme 1
Mean/95%HPDMa*

Scheme 2
Mean/95%HPDMa

Scheme 3
Mean/95%HPDMa

Scheme 4
Mean/95%HPDMa

Scheme 5
Mean/95%HPDMa

1 First diversification event
within Artemia

15.29/18.15–12.82 26.34/32.01–21.44 9.73/13.43–6.56 60.55/97.36–36.39 –

2 Split between A. salina and
the Asian + A. monica Clade

11.02/12.19–10.04 19.02/22.12–16.35 7.22/9.89–5.18 47.42/77.04–25.32 27/67.49–10.54

3 Split between A. monica and
the Asian lineage

8.42/9.55–7.32 14.52/16.55–12.66 5.51/7.59–3.97 36.71/60.93–18.93 34.01/65.42–16.96

4 Speciation event that
originated A. urmiana and
A. sinica

6.6/7.40–5.47 11.03/12.15–9.98 3.92/5.37–2.75 24.48/43.15–12.34 19.99/36.69–9.37

Note:
Comparison of different temporal diversification schemes in Artemia. Scheme 1: using the fossil of Artemia described by Manzi et al. (2016) to date the split between
A. salina and the Asian + A. monica Clade; Scheme 2: using the Artemia fossil described by Manzi et al. (2016) to date the ancestral node of Asian Artemia; Scheme 3:
using the coxI nucleotide substitution rate estimated for Alpheidae (Decapoda) (Knowlton & Weight, 1998); Scheme 4: using a “total mitogenomic” nucleotide
substitution rate for Artemia (Luchetti et al., 2019); Scheme 5: using a fossil of Daphnia (Eimanifar, Van Stappen & Wink, 2015) (notice that Eimanifar, Van Stappen &
Wink, 2015, tree topology differs from ours in the relative position of A. monica ¼ A. franciscana and A. salina). *Ma stands for Mega anum (1,000,000 years).
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India, Iraq, Iran, Kazakhstan, Pakistan, Russia, Turkey, Turkmenistan, Ukraine,
Uzbekistan; in addition, it includes also parthenogenetic populations form Albania, Egypt,
Greece, Italy, Israel, Madagascar and Namibia (Baxevanis, Kappas & Abatzopoulos, 2006;
Abatzopoulos et al., 2009; Kappas et al., 2009; Maccari, Amat & Gómez, 2013;
Eimanifar et al., 2014; Asem, Eimanifar & Sun, 2016; Asem et al., 2019). The relationships
among populations within the Western Asian Clade remain unresolved. The Eastern
Asian clade includes bisexual and parthenogenetic populations from different Chinese
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Figure 3 Bayesian phylogenetic relationships of Artemia based on nuclear ITS1 region sequences (see Materials and Methods for sequence
original sources). Note the position of populations form Tibet and Kazakhstan. Posterior probabilities >0.90 indicated by black dots.

Full-size DOI: 10.7717/peerj.10865/fig-3
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locations (Kappas et al., 2009; Maccari, Amat & Gómez, 2013; Eimanifar et al., 2014).
Finally, the Mediterranean—South African clade is formed by bisexual populations from
Algeria, Cyprus, Egypt, Italy, Libya, Spain, South Africa and Tunisia (Baxevanis, Kappas &
Abatzopoulos, 2006; Eimanifar et al., 2014).

Phylogeographic analyses
The phylogeographic analysis of the nuclear data set of the Western Asian Clade
(A. urmiana) includes 106 different nuclear alleles (Fig. 4). Specimens from almost all
parthenogenetic populations and the bisexual populations from Tibet, Kazakhstan,
Ukraine and Lake Urmia (Iran) all share a common allele (#2). Divergent alleles (#48, 49
and 50) correspond to parthenogenetic individuals from Greece and Israel (Baxevanis,
Kappas & Abatzopoulos, 2006) and #95 and #96 to bisexual individuals from Lake Urmia
(Asem et al., 2019). Some specimens from Lake Urmia (#97 to #106) (Eimanifar et al.,
2014) are genetically distant from all other samples. Tibetan bisexual specimens from
LagKor Co (haplotype #44) (Baxevanis, Kappas & Abatzopoulos, 2006) differ from two
other bisexual specimens of the same locality (#2, Maccari, Amat & Gómez, 2013) by
the presence of a gap involving 18 positions, probably caused by a single evolutionary
event, with no additional substitution events occurring between them. Nuclear data do not
show geographic structure, including a widely distributed allele #2, suggesting that
introgression or gen flow is occurring across Western Asian mtDNA defined clades
(Baxevanis, Kappas & Abatzopoulos, 2006; Maniatsi et al., 2011; Asem, Eimanifar & Sun,
2016). In addition, laboratory crosses demonstrated inter-fertility between bisexual
populations from diverse Asian localities, from Lake Urmia (Iran) to Catvis (Kazakhstan)
(Pilla & Beardmore, 1994).

Phylogeographic analysis of the New World Clade included 109 different cox1
haplotypes, published under the names A. franciscana and A. monica (Fig. 5).
The haplotype network displays high geographic structure, including multiple cohesive
geographic clusters as those from Peru or Puerto Rico, and divergent populations form
Mexico, Chile and Argentina. Haplotypes within the core group (Fig. 5A), including
those from the Great Salt Lake, Mono Lake and San Francisco Bay (USA), Mexico
(Continental and Pacific Coast), Brazil, Cuba, Colombia, Chile, and Jamaica, differ
very little with respect to each other. Haplotypes from Mono Lake (type locality of
A. monica) are very similar to those from the Great Salt Lake and San Francisco Bay (type
locality of A. franciscana) (Fig. 5B).

DISCUSSION
Phylogeny and time of diversification in Artemia
Artemia was recovered as a monophyletic lineage in our mitogenomic phylogeny (Fig. 2),
with internal phylogenetic relationships clearly depicting a sister taxon relationship
between A. persimilis and the rest of clades, including Old and New World taxa. Previous
authors suggested a similar set of relationships based on nuclear and mitochondrial
sequences (Baxevanis, Kappas & Abatzopoulos, 2006;Maniatsi et al., 2011; Eimanifar et al.,
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2014), enabling the rejection of the reciprocal monophyly of the Old Word vs New World
taxa.

The dates for the origin of Artemia and of its initial diversification are controversial.
Previous authors such as Baxevanis, Kappas & Abatzopoulos (2006) estimated that the
origin of Artemia occurred 80–90 Ma, whereas Eimanifar, Van Stappen & Wink (2015)
proposed a Late Eocene Origin (34.01 Ma, 95% HPD: 16.96–65.42 Ma). Our estimates
provide a much more recent date for the origin of Artemia. Differences between time
estimates presented herein and those proposed in previous studies arise from the type of
evidence used to calibrate the molecular clock. Geological information is often used to
assign a probable age to nodes affected by certain geological event (Hipsley & Müller, 2014;
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Ho et al., 2015). However, the assumption of divergence as a consequence of specific
geological events represents an independent hypothesis that needs to be properly tested
and not merely assumed (Kodandaramaiah, 2011; Magallón, 2004). Baxevanis, Kappas &
Abatzopoulos (2006) in a pioneer attempt to date the origin of diversification of
Artemia, assumed that a series of paleogeographic events were involved in the direct
separation of a lineage into a pair of sister taxa, for example, the split of South America
from ancient Gondwana in the divergence between the South American A. persimilis and
the Eurasian lineages. This approach might produce a considerable overestimation of
diversification times, aside of underestimating the cox1 substitution rates in Artemia
compared to most arthropods (usually ranging from 1.4 to 2.6% per million year)
(Knowlton & Weight, 1998). Eimanifar, Van Stappen & Wink (2015), instead, used an
indirect approach to calculate divergence times, estimating the separation between
Anostraca and Cladocera using as calibration point a fossil of Daphnia and including
samples of Artemia as representatives of Anostraca. However, this approach involved large
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incomplete sampling, a problem that could affect the estimation of divergence times
(Stadler, 2009). Nevertheless, fossils of Artemia were unknown by previous authors and
divergence times estimated with the indirect approach of Eimanifar, Van Stappen &Wink
(2015) provided a novel overview of the evolutionary history of the family.

Records of fossil specimens provide crucial information on the minimum ages of a
clade, although its dating and correct phylogenetic placement is sometimes complex
(Thorne, Kishino & Painter, 1998; Magallón, 2004). The identification of Manzi et al.
(2016) fossils is problematic since the main character which separates A. salina from
other species of Artemia is the absence of a spine at the basis of male penises (Mura &
Brecciaroli, 2004), a character that cannot be appreciated in Manzi et al. (2016) fossilized
specimens. However, there are some evidences suggesting that the identification of
Manzi et al. (2016) fossils as A. salina is probably correct. The location of the fossils,
Kalavasos Formation in Cyprus (Manzi et al., 2016), practically rules out the possibility
that it corresponds to any of the American lineages. In addition, Muñoz et al. (2008)
and Baxevanis et al. (2014) demonstrated that A. salina shows substantial haplotype
diversity that appears geographically structured throughout the Mediterranean. This can
be considered as an evidence of the continuous presence of A. salina in the Mediterranean
area for a very long period of time. Alternatively, the remains could have been part of
the Asian Lineage, because they could have been present all over the Eurasian Continent
and posteriorly become extinct in the Mediterranean. We have considered this alternative
in our dating Scheme 2. The possibility for the fossil to be parthenogenetic, can be
ruled out because at least one of the specimens shown by Manzi et al. (2016) is a male.
Furthermore, the presumed recent origin of parthenogenesis within Asia (Baxevanis,
Kappas & Abatzopoulos, 2006;Maccari, Amat & Gómez, 2013;Maniatsi et al., 2011) would
discard such possibility, whereas the fact that the parthenogenetic populations of the
Mediterranean share haplotypes with populations from Asia (Maniatsi et al., 2011) is clear
signal of their recent arrival to the region.

Considering all available evidences to calibrate the molecular clock and to estimate
divergence times within Artemia, it seems quite likely that the times of origin and
diversification in Artemia are much more recent than previously considered (Table 3).
Although our estimates might be equally probable than previous hypotheses, we consider
our Scheme 1 to be a more realistic scenario (Fig. 2) (Scheme 1 is supported vs Scheme 2 in
the Bayes Factor comparisons in BEAST). In addition, the fact that the dates estimated
according to scheme 1 are closer to those obtained using the general substitution rate
for cox1 gene (Scheme 3) (Knowlton & Weight, 1998) makes this hypothesis more likely
than those requiring substitutions rates much lower than the general rate (Schemes 4
and 5) (Baxevanis, Kappas & Abatzopoulos, 2006; Eimanifar, Van Stappen & Wink, 2015;
Luchetti et al., 2019). Luchetti et al. (2019) mutation rate calculated for the entire Artemia
mitogenome does not consider different molecular clocks for each individual
mitochondrial gene. Therefore, until an exhaustive research about specific molecular
substitution rates could be carried out for Artemia, the tempo of diversification within the
genus will remain controversial.
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Evolutionary units within Artemia and their nomenclature
Based on the phylogenetic and phylogeographic results presented herein, we consider
the genus Artemia to be represented by five evolutionary cohesive units (e.g., species),
represented by the Southern Cone, Mediterranean—South African, New World, Western
Asian, and Eastern Asian Lineages. These units and their nomenclature are discussed in
the following paragraphs.

Southern Cone Lineage—Artemia persimilis
The Southern Cone Lineage is a clade geographically restricted to Argentina and Chile.
The few populations included in the Southern Cone Lineage are well characterized with
respect to the rest of Artemia lineages, by morphological, cytogenetic, allozyme, mtDNA,
and nuclear sequence features (Halfer-Cervini, Piccinelli & Prosdocimi, 1967; Halfer-
Cervini et al., 1968; Piccinelli & Prosdocimi, 1968; Piccinelli, Prosdocimi & Baratelli
Zambruni, 1968; Abreu-Grobois, 1987; Badaracco et al., 1987; Hontoria & Amat, 1992a;
Amat et al., 1994; Baratelli & Barigozzi, 1990; Gajardo et al., 1995, 2004; Colihueque &
Gajardo, 1996; Rodríguez Gil, Papeschi & Cohen, 1998; Cohen et al., 1999; Cohen,
Rodríguez Gil & Vélez, 1999; Zúñiga et al., 1999; De Los Ríos & Zúñiga, 2000). This
well-defined evolutionary and taxonomic unit, characterized by a particular chromosome
number (2n = 44; while all other bisexual species present 2n = 42) (Abatzopoulos,
Kastritsis & Triantaphyllidis, 1986), is sister to all other lineages of Artemia (Fig. 2).
The Southern Cone Lineage includes geographically structured nuclear (ITS1) clades
(Baxevanis, Kappas & Abatzopoulos, 2006), congruent with mtDNA data (Gajardo et al.,
2004) (Fig. 3).

This clade has been referred to, so far, by a unique species name, Artemia persimilis
Piccinelli & Prosdocimi, 1968, and except for an unconfirmed report of the species in Italy
(Piccinelli & Prosdocimi, 1968; Triantaphyllidis, Abatzopoulos & Sorgeloos, 1998), it has
maintained its status as a South American endemic. The synonymic list for Artemia
persimilis is as follows:

Artemia persimilis Piccinelli & Prosdocimi, 1968
Artemia persimilis Piccinelli & Prosdocimi, 1968: 116. Terra typica: “Salinas Grandes di Hidalgo,

Argentina”. Holotype and the single paratype indicated, held at Museo Civico di Storia

Naturale, Verona, Italy (Piccinelli & Prosdocimi, 1968; Belk & Brtek, 1995).

Mediterranean-South African Lineage—Artemia salina
The Mediterranean-South African Lineage comprises two deep geographically structured
mitochondrial clades (South African—Mediterranean), with limited separation between
them at the nuclear level (Muñoz et al., 2008; Baxevanis et al., 2014), but markedly
divergent at the mtDNA level. Mediterranean populations are on turn structured in a
Western and an Eastern main nuclear (ITS1 and AFLPs) clades (Triantaphyllidis et al.,
1997a; Baxevanis, Kappas & Abatzopoulos, 2006; Baxevanis et al., 2014).
The Mediterranean-South African Lineage includes morphologically and genetically
diverse populations, with highly modified local morphotypes, but clearly diagnosable from
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all other lineages (Amat, 1980a; Triantaphyllidis et al., 1997a; Mura & Brecciaroli, 2004).
The Mediterranean-South African Lineage is currently known by the name A. salina.

The oldest name for any species of Artemia, Cancer salinus Linnaeus, 1758, was
considered problematic (Bowen & Sterling, 1978). Salt extraction at the type locality of
Cancer salinus (man-made salterns at Lymington, England) was abandoned, and the brine
shrimps disappeared from there, making impossible to collect and study new fresh
specimens. We made an inquiry to the Linnean Society (London) to localize any possible
material used by Linnaeus (1758) in his description, but the answer was that no material of
Cancer salinus was currently preserved at the Institution. However, Mura (1990) and
Baxevanis, Kappas & Abatzopoulos (2006) located some material from Lymington at the
Natural History Museum (London). Their morphological study confirmed that they
represent the traditional and current concept of A. salina (Mura, 1990; Baxevanis,
Kappas & Abatzopoulos, 2006).

Once the name Artemia salina (Linnaeus, 1758) is clearly applicable to designate the
Mediterranean-South African Lineage (Baxevanis, Kappas & Abatzopoulos, 2006)
(neotype designation is however desirable), assignation of additional names to the clade is
quite straightforward. Names published for any bisexual taxon in the Mediterranean
Region before the introduction of North American specimens a few decades ago, can be
undoubtedly assigned to Artemia salina. Mura & Nagorskaya (2005) confirmed the
presence of A. salina as the only bisexual species present at that time in Ukraine, an area of
potential contact with bisexual populations of the Western Asian Lineage; this information
helped us to retain A. arietina Fischer, 1851, under the synonymy of A. salina. Two old
names with Mediterranean type localities, and whose reproductive mode was not stated in
the original description are treated as nomina dubia, but tentatively included in the
synonymic list for A. salina. The resulting synonymic list for the Mediterranean-South
African Lineage remains thus as follows:

Artemia salina (Linnaeus, 1758)
Cancer salinus Linnaeus, 1758: 634. Terra typica: “Habitat in Angliae Salinis Limingtonianis.”.

Bisexual (Linnaeus, 1758). Baxevanis, Kappas & Abatzopoulos (2006) confirmed the

morphological ascription of topotypical specimens. Neotype designation among any of those

specimens is desirable.

Gammarus salinus (Linnaeus, 1758): Fabricius, 1775: 419.

Artemisia salina (Linnaeus, 1758): Latreille, 1816: 68. The genus Artemisia was supressed for the

purposes of the Principle of Priority and placed on the Official Index of Rejected and Invalid

Generic Names in Zoology (International Commission on Zoological Nomenclature, 1985,

Opinion 1301).

Eulimene albida Latreille, 1816: 68 (nomen dubium). Terra typica: “…dans la Méditerranée…”.

Reproductive mode not indicated (Latreille, 1816). Daday de Deés (1910) included

E. albida in the synonymy of A. salina. The name Eulimene Latreille, 1816, does not have

nomenclatural precedence over Artemia Leach, 1819 (International Commission on

Zoological Nomenclature, 1985, Opinion 1301).
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Artemisus salinus (Linnaeus, 1758): Lamarck, 1818: 135. The genus Artemisus was supressed for

the purposes of the Principle of Priority (International Commission on Zoological Nomenclature,

1985, Opinion 1301).

Artemia salina (Linnaeus, 1758): Leach, 1819: 543.

Artemia eulimene Leach, 1819: 543 (nomen dubium). Terra typica: “Habite la Méditerranée, près

Nice”. Reproductive mode not indicated (Leach, 1819). Desmarest (1823) considered

A. eulimene a synonym of Eulimene albida.

Artemis salinus (Linnaeus, 1758): Thompson, 1834: 105.

Artemia arietina Fischer, 1851: 156. Terra typica: “… aus der Umgegend von Odessa stammt”.

Bisexual (Fischer, 1851). Daday de Deés (1910) included A. arietina as a variety of A. salina.

Branchipus (Artemia) salinus (Linnaeus, 1758): Grube, 1853: 139.

Branchipus eulimene (Leach, 1819): Grube, 1853: 140.

Branchipus arietinus (Fischer, 1851): Grube, 1853: 140.

Branchipus oudneyi Liévin, 1856: 1. Terra typica: “…die Trona-Seen, und besonders der Bahr-el-

Dud… Diesen See bewohnt der berühmte Fezzan-Wurm oder Dud” [Lybia: Fezan: Ubari

Trona Lake]. Bisexual (Liévin, 1856). Daday de Deés (1910) included B. oudneyi in the

synonymy of A. salina.

Artemia oudneyi (Liévin, 1856): Baird in Liévin, 1856: 1.

Callaonella dybowskii Grochowski, 1896: 100. New synonymy. Terra typica: “im Süsswaser,

nämlich im Vrana-See auf der Insel Cherso”. Bisexual populations (Grochowski, 1896).

Daday de Deés (1910) commented on the peculiarity of being collected in freshwater at

the Croatian Island of Cres (Grochowski, 1896), but treated it as a synonym of Artemia jelskii

Grube, 1874. According to the illustration provided by Grochowski (1896), it is

morphologically assignable to A. salina.

Artemia dybowski (Grochowski, 1896): Belk & Brtek, 1995: 316.

Artemia tunisiana Bowen & Sterling, 1978: 595. New synonymy. Terra typica: not stated

explicitly, but the authors included two populations in the category: “… from Tunis, and

from San Bartolomeo, Sardinia”. Type series or type material not designated. Bisexual

populations (Bowen & Sterling, 1978).

New World Lineage—Artemia monica (¼ A. franciscana)
The widely distributed New World Lineage is integrated by multiple geographically
structured mitochondrial clades and shows large nuclear sequence variability
(Sáez, Escalante & Sastre, 2000; Baxevanis, Kappas & Abatzopoulos, 2006). It has been
introduced all over the world (Figs. 6A and 6B) (Eimanifar et al., 2014).

Cox1 clades within the New World Lineage are largely divergent and, in most cases
reciprocally monophyletic and, once excluding the demonstrated introduced populations
(Eimanifar et al., 2014), they are geographically structured (Fig. 5). Some of the
well-differentiated mtDNA clades are isolated in the Antilles (Puerto Rico), Mexico, or in
different areas of South America, and present high intraspecific FST values based on
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allozyme data (maximum values of FST = 0.24 to 0.38) (Abreu-Grobois & Beardmore, 1980,
1983; Abreu-Grobois, 1983, 1987; Gajardo & Beardmore, 1993; Pilla & Beardmore,
1994). However, there is no evidence supporting that any of these divergent phylogroups
might represent a different species. Specimens from divergent mtDNA lineages (all
mentioned under the name A. franciscana) and different geographic origins occur together
in introduced populations through Europe and Asia, providing some indication of the lack
of genetic isolation among mtDNA phylogroups (Eimanifar et al., 2014). In addition,
Abreu-Grobois & Beardmore (1991) studied 22 allozyme loci and recorded intraspecific
DNei distances (0.09–0.13) (Nei, 1972) between populations of the Great Salt Lake
(Utah), San Francisco Bay (California), and Pekelmeer (Bonaire). Nevertheless, our
mitogenomic data show a relatively large divergence between Baja California (Mexico) and
San Francisco Bay (USA) populations (separated about 1,300 km), suggesting that
divergent phylogroups within the New World Lineage should be studied at the nuclear
level before reaching a final conclusion (as already suggested by Bowen et al., 1985).

The only proposal to consider differentiated taxa within the New World Lineage, was
prompted by the ecological isolation of Mono Lake (California) population. Brine shrimps
from Mono Lake were considered reproductively isolated from nearby populations
because of the particular water ionic composition of the Lake (Clark & Bowen, 1976;
Bowen et al., 1985), and accordingly treated as a different species under the name
A. monica (Conte, Jellison & Starrett, 1988; Dana, Jellison & Melack, 1990, 1995;

Figure 6 Live specimens of Artemia monica (¼ A. franciscana). (A) female; (B) male from an intro-
duced population in Spain (San Fernando, Cádiz). Photographs by M. García-París.

Full-size DOI: 10.7717/peerj.10865/fig-6
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Dana et al., 1993). The available mtDNA sequences of the endangered A. monica are
deeply nested within a western USA clade, which includes samples from nearby
populations including the Great Salt Lake and San Francisco Bay (type locality of
A. franciscana), as well as some Mexican and Colombian localities (Figs. 5A and 5B).
Samples from Mono Lake do not form a monophyletic mtDNA phylogroup, which
probably caused that recent authors totally ignored its existence (Abatzopoulos et al.,
2002b; Baxevanis, Kappas & Abatzopoulos, 2006; Maniatsi et al., 2011; Eimanifar et al.,
2014). Nuclear data based on 22 allozyme loci do not support the isolation of the Mono
Lake population either, since it is deeply nested within a western USA nuclear clade
including populations from the Great Salt Lake (Utah), San Francisco Bay (California), and
Pekelmeer (Bonaire, Antilles) (Abreu-Grobois & Beardmore, 1991; Pilla & Beardmore,
1994). Nei (1972) genetic distance (DNei) between San Francisco Bay (type locality of
A. franciscana) and Mono Lake (type locality of A. monica) populations (DNei = 0.05) falls
within the usual range for intraspecific populations, and is even lower than that between
San Francisco Bay and the Great Salt Lake populations (DNei = 0.09) (Abreu-Grobois &
Beardmore, 1991). In addition, Bowen et al. (1985) demonstrated that in laboratory
conditions, under highly controlled chloride and carbonate levels, specimens of A. monica
(Mono Lake) and of A. franciscana from locations nearby show complete reproductive
compatibility and a normal mating behavior. All these data already granted rejection of an
independent species status for the Mono Lake population by some authors (Abreu-
Grobois & Beardmore, 1983; Triantaphyllidis, Abatzopoulos & Sorgeloos, 1998; De Los Ríos
& Zúñiga, 2000). In fact, Abreu-Grobois & Beardmore (1991) proposed an appealing
explanation for the maintenance of a relatively high level of gene flow between the
Mono Lake population and other extant or extinct populations found in the eastern Sierra
Nevada mountains. The existence of many saline—carbonated lakes in the Eastern Sierras
likely promoted the presence of populations of Artemia adapted to local chemical
conditions more or less similar to those present today in Mono Lake (Bowen et al., 1985;
Abreu-Grobois & Beardmore, 1991). Abreu-Grobois & Beardmore (1991) suggested that
climatic and hydrological changes during the Holocene caused sequential extinction
and recolonization events as a consequence of variations in the ionic levels of these lakes.
Under this circumstances gene flow between Mono Lake and those other populations
could have been relatively high, possibly favored by avian movements. This scenario could
explain the high allelic diversity found today in Mono Lake and their genetic similarity
with respect to other Western US populations (Abreu-Grobois & Beardmore, 1991).

Lack of reciprocal monophyly at nuclear and mtDNA levels suggests that gene flow
is effectively taking place between the Mono Lake population and neighboring ones
(Fig. 5B). Consequently, the ecological differences observed between the population of
Mono Lake and other locations in California and Utah (Lenz, 1980, 1984; Dana &
Lenz, 1986), suggest that these populations should be considered either as local adaptive
ecotypes (Abreu-Grobois, 1983, 1987), as it is the case for extremely adapted populations in
other regions (Schmankewitsch, 1875, 1877a, 1877b; Amat, 1980b; Asem & Rastegar-
Pouyani, 2010), or the result of an inconclusive speciation process. Consequently, the
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Mono Lake brine shrimp together with all western North American Artemia are part of a
single evolutionary unit.

Belk & Bowen (1990) submitted an application for the conservation of the specific name
Artemia franciscana Kellogg, 1906, over some of previously published names with
nomenclatural priority over it. The Opinion 1704 of the Commission (International
Commission on Zoological Nomenclature, 1993) included the names Artemis guildingi
Thompson, 1834, Artemia fertilis Verrill, 1870, and Artemia utahensis Lockington, 1876,
in the Official Index of Rejected and Invalid Specific Names in Zoology, and gave
precedence to A. franciscana over A. gracilis. However, as a member of the
Commission (L.B. Holthius) pointed out, it was premature to deal with the issue before the
systematics of Artemia was properly analyzed (International Commission on Zoological
Nomenclature, 1993). In fact, populations of Mono Lake (type locality of A. monica)
(Verrill, 1869), and from coastal Peru (where the type locality of A. jelskii is located)
(Grube, 1874), are likely part of the same taxonomic unit as the populations from
San Francisco Bay (type locality of A. franciscana), and both have nomenclatural priority
over A. franciscana. In addition, the detailed description of Hawaiian populations
(A. salina var. pacifica) (Fig. 1; Sars, 1904) also corresponds to the typical morphology of
the New World Lineage of Artemia, and therefore might have also priority over
A. franciscana.

The resulting situation is that, besides the Commission’s locked name A. gracilis
(a nomen dubium), at least three other names could have precedence over A. franciscana
according to the Principle of Priority (A. monica, A. jelskii and A. salina var. pacifica).
The Code of Nomenclature indicates that the Principle of Priority may be modified in its
operation in the interest of stability and universality. The Code estates that: “23.9.1.
prevailing usage must be maintained when the following conditions are both met: 23.9.1.1.
the senior synonym or homonym has not been used as a valid name after 1899, and 23.9.1.2.
the junior synonym or homonym has been used for a particular taxon, as its presumed
valid name, in at least 25 works, published by at least 10 authors in the immediately
preceding 50 years and encompassing a span of not less than 10 years”. The first condition is
not met by either Verrill’s (1869) A. monica (often used as a valid name after 1899),Grube’s
(1874) A. jelskii (a nomen dubium, but used as a valid species name at least by Daday
de Deés (1910) as Callaonella jelskii), or Sars’ (1904) A. salina var. pacifica (described
after 1899). The oldest name, Artemia monica Verrill, 1869 (published in the same
work as A. gracilis and therefore without precedence of one over the other), has been
used extensively as a valid species name in the XXth and XXIst centuries (see for example
Abreu-Grobois & Beardmore, 1991; Brendonck & Belk, 1997; Asem, Eimanifar &
Sun, 2016).

The precedence of A. monica over A. franciscana cannot be reverted under any
provision of the Code (International Commission on Zoological Nomenclature, 1999), and
thus, Artemia monica Verrill, 1869, becomes the valid name for the NewWorld Lineage of
Artemia. Therefore, all populations currently referred to by the name A. franciscana
must be referred to as A. monica.
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The synonymic list (synonyms and new combinations) for the New World Lineage
would remain as follows:

Artemia monica Verrill, 1869
Artemis guildingi Thompson, 1834: plate 1, fig. 11 (unavailable name). Terra typica:

“West Indies”. Artemis guildingi Thompson, 1834 was placed in the Official Index of Rejected

and Invalid Specific Names in Zoology (International Commission on Zoological

Nomenclature, 1993, Opinion 1704).

? Artemia gracilis Verrill, 1869: 248 (nomen dubium). Terra typica: “Near New Haven, in tubs of

water from salt marsh”. Verrill (1870) precised: “New Haven, Conn. Charlestown, Mass.,

on railroad bridge across Charles River in tubs of concentrated sea-water.”. Syntypes (396,

397) at the Peabody Museum of Natural History (New Haven, Connecticut, USA) (Belk &

Brtek, 1995).

Artemia monica Verrill, 1869: 249. Terra typica: Not indicated explicitly in the original

description, but a few pages earlier, Verrill (1869: 245) stated “… a number of specimens of a

new species, A. monica, V., which he collected in Mono Lake, California…”. Syntypes (395)

at Peabody Museum of Natural History (New Haven, Connecticut, USA) (Belk & Brtek,

1995). Bisexual (Verrill, 1869).

Artemia fertilis Verrill, 1869: 238 (unavailable name). Terra typica: “Great Salt Lake, Utah,…”.

Artemia fertilis Verrill, 1869, was placed in the Official Index of Rejected and Invalid Specific

Names in Zoology (International Commission on Zoological Nomenclature, 1993, Opinion 1704).

? Artemia jelskii Grube, 1874: 56 (nomen dubium). Terra typica: “…Callao…”. Types not

designated. Bisexual (Grube, 1874). Daday de Deés (1910) treated it as an independent species

as Artemia (Callaonella) jelskii Grube, from salterns near Callao, in Perú. The molecular

identification of this population is desirable in order to determine its taxonomic placement

and make effective this possible synonymy.

Artemia utahensis Lockington, 1876: 137 (unavailable name). Terra typica: “… inhabits the

Great Salt Lake of Utah.”. Artemia utahensis Lockington, 1876, was placed in the Official

Index of Rejected and Invalid Specific Names in Zoology (International Commission on

Zoological Nomenclature, 1993, Opinion 1704).

? Callaonella jelskii (Grube, 1874): Kulczycki, 1885: 591.

Artemia salina var. pacifica Sars, 1904: 630. New synonymy. Terra typica: “ : : : (1) in einem

Salzsee, mit 15% Kochsalz, in der Nähe von Honolulu, Hawaiische Inseln, und (2) in einer

Lagune, mit 12% Kochsalz, auf der kleinen unbewohnten Koralleninsel Laysan, ungefähr 800

Seemeilen WNW. von Honolulu.”. Bisexual (Sars, 1904; Fig. 1). Although its morphology has

been well studied and documented, a molecular identification of this population is desirable.

Artemia franciscana Kellogg, 1906: 596. New synonymy. Terra typica: “ : : : found abundantly in

the salterns (evaporating pools), density 1.08 to 1.24, at Redwood City, San Francisco

Bay, : : : ”. Types not designated (Belk & Brtek, 1995). Bisexual (Kellogg, 1906).
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Western Asian Lineage—Artemia urmiana
The Western Asian Lineage is composed of at least three geographically structured
mitochondrial clades, some of them including bisexual and parthenogenetic populations
(e.g., Urmia Lake), with apparent gene flow among bisexual populations from all three
clades (Maccari, Amat & Gómez, 2013; Asem, Eimanifar & Sun, 2016). Bisexual
populations are morphologically diagnosable from all other lineages and they have
been introduced in diverse areas, including the Mediterranean region.

Mitochondrial clades within the Western Asian Lineage, usually known as A. tibetiana,
A. urmiana, Eurasian Haplotype Complex and A. parthenogenetica (in part), are part of
a single nuclear clade (Fig. 4) with alleles widely shared across all mtDNA units
(Baxevanis, Kappas & Abatzopoulos, 2006; Eimanifar et al., 2014; Asem, Eimanifar & Sun,
2016). Some of these mtDNA clades may represent incipient evolutionary units, with
relatively low gene flow occurring among them (Kappas, Baxevanis & Abatzopoulos, 2011;
Eimanifar et al., 2014) (Fig. 4). However, Zhang et al. (2013) discussed the low divergence
found among complete mitogenomes of bisexual populations from Lake Urmia and
Tibet, as reported in previous studies (Baxevanis et al., 2005; Baxevanis, Kappas &
Abatzopoulos, 2006; Wang et al., 2008).

Mitochondrial clades may, or may not, represent evolutionary units. If time is long
enough, coalescence processes, including lineage sorting, generally will end up by depicting
concordant clades for mtDNA and nuclear markers (reciprocally monophyletic if gene
flow got interrupted, or single clades if gene flow ended up homogenizing the original
incipient clades) (Fujita et al., 2012; Sukumaran & Knowles, 2017; but see Albert,
Zardoya & García-París, 2007). However, in many groups, particularly in those with
little developed prezygotic isolation mechanisms, mtDNA is often well structured across
populations that are still linked by gene flow (García-París et al., 2003; Recuero &
García-París, 2011). In these cases, and as a consequence of demographic processes such as
maternal inheritance, small population or sampling size, lack of recombination, difficulties
to move across contact zones, etc… mtDNA clades can appear as reciprocally
monophyletic, transmitting the idea that there has been a long period of isolation between
populations, whereas analyses of rapidly evolving nuclear markers such as ITS, show
evident signs of gene flow across mtDNA breaks (Babik et al., 2005; Rodríguez-Flores et al.,
2017). In these cases, discordances between nuclear and mtDNAmarkers are very useful to
determine isolation levels and consequently the evolutionary status of two population
groups. In Artemia, which does not show any sign of occurrence of pre-zygotic isolation
mechanisms (Pilla & Beardmore, 1994), mitochondrial data have been extensively used
to characterize evolutionary units within the Asian Lineages (Eimanifar et al., 2014),
or even to describe new taxa (Naganawa &Mura, 2017). However, data from fast evolving
nuclear data, mostly ITS1, do not support the recognition of some of those phylogroups or
mtDNA clades as independent taxa.

The bisexual population of Lagkor Co in Tibet has been formerly treated as a different
species, A. tibetiana (Abatzopoulos, Zhang & Sorgeloos, 1998). The taxon was characterized
by having cysts with large diameters (323 µm + 17.2; 330 µm +14.6), the longest
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known first instar nauplii (667 µm + 32.7), and a large adult size (Abatzopoulos, Zhang &
Sorgeloos, 1998). Cox1mtDNA sequences of A. tibetiana clustered in two non-sister clades,
sequentially sister to a clade conformed by populations of A. urmiana plus 2n and 3n
parthenogenetic specimens, rendering A. tibetiana a non-monophyletic mtDNA entity
(Eimanifar et al., 2014; Asem, Eimanifar & Sun, 2016). Genetic divergence based on
allozyme analyses and reproductive incompatibility (postzygotic isolation) between the
Tibetan and other Asian populations was relatively low (allozymes), or not significantly
different (fertility) from that recorded for intraspecific crossings (40–60% fertile specimens
according to Abatzopoulos, Zhang & Sorgeloos, 1998). Abatzopoulos et al. (2002b) pointed
out that “The likelihood of extensive geographical differentiation cannot be completely
ruled out, especially with the limited number of populations investigated here, a fact that
can lead to a fallible taxonomy.” Eimanifar et al. (2014) and Asem, Eimanifar & Sun (2016)
phylogeographic analyses based on ITS1 sequence data, which included specimens of
all Asian taxa, indicated that the nuclear sequences of the ITS1 region from the type
locality of A. tibetiana, were almost identical to those of 2n and 3n parthenogenetic
specimens and to those of bisexual A. urmiana (Fig. 4). Eimanifar et al. (2014) pointed out
that: “The presence of a common haplotype can be simply explained because of the lack of
time to generate and sort out new variants among closely related species”, while Kappas,
Baxevanis & Abatzopoulos (2011) suggested that the large morphological diversity
displayed by A. tibetiana, coupled with a low level of genetic divergence between
A. tibetiana and A. urmiana, reflects recent speciation or slow rates of divergence.
There are thus several evidences against maintaining the species status of the population
named A. tibetiana from an evolutionary species concept perspective (Wiley, 1978): firstly,
the absence of a common ancestor for all populations currently included under this
name, that is, the different Tibetan populations do not form a monophyletic group, nor are
they evolutionarily cohesive (Maccari, Amat & Gómez, 2013; Eimanifar et al., 2014);
secondly, they present unclear boundaries in their genetic/morphological differentiation
(Kappas, Baxevanis & Abatzopoulos, 2011), especially considering that gene flow has
been occurring across Tibetan and non-Tibetan populations until very recently, as
inferred from a rapid evolving nuclear marker (Baxevanis, Kappas & Abatzopoulos, 2006;
Maccari, Amat & Gómez, 2013) (Fig. 4). Even though the occurrence of partial
cross-fertility in F2 and F3 generations cannot be ignored (Triantaphyllidis, Abatzopoulos
& Sorgeloos, 1998; Abatzopoulos et al., 2002b), testing the species hypothesis on the basis of
this parameter would require analyzing the reproductive compatibility among other
populations of the Western Asian Lineage. We agree with Asem et al. (2020) in that the
taxonomic status of some Tibetan populations is dubious until more work on their
degree of isolation and population speciation trends is performed. However, these
considerations do not affect the status of the name A. tibetiana that should be considered
as a junior synonym of A. urmiana based on the occurrence of nuclear gene flow
between the type locality of A. tibetiana and populations of A. urmiana (Maccari, Amat &
Gómez, 2013).

Naganawa &Mura (2017) described recently two Asian Artemia species, A. frameshifta
and A. murae. The cox1 fragment used by Naganawa & Mura (2017) to identify the
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only female studied A. frameshifta (GenBank accession number LC195588) present
11 indels (one to three base pairs long) when aligned with all other sequences of Asian
Artemia. Amino acid transcription reveals extensive presence of stop codon positions
(TAA and TAG) (Eimanifar, 2014) along the first half of the sequence (for all three
possible reading frames). Based on the lack of morphological differentiation of
A. frameshifta and on the affinity of the studied sequence (possibly a pseudogene) with
sequences of the Western Asian Lineage, we propose the synonymy of A. frameshifta
with A. urmiana. With regard to A. murae, Naganawa provided a well-illustrated
morphological description and a cox1 sequence fragment (GenBank accession number
LC195587). A re-examination of this sequence reveals that, a single position base
(Adenine) was introduced at the end of the fragment, generating a displacement of the
reading frame involving 28 positions. Its amino acid transcription reveals that this
sequence presents a large amount of amino acid changes with respect to other Asian
Artemia, which otherwise present highly conservative amino acid sequences. This fact,
together with absence of morphological conclusive differences with respect to A. urmiana
(as already suggested by Naganawa & Mura, 2017), made us, regretfully, to reconsider
the validity of A. murae and include it tentatively in the Western Asian Lineage as a junior
synonym of A. urmiana.

A large number of parthenogenetic populations from the Western and the Eastern
Asian Lineages studied shared a general common allele of Na+/K+ ATPase (Asem,
Eimanifar & Sun, 2016). These data are partially supported by ITS data. However, the
diversification described for ITS is very high (Eimanifar et al., 2014; Asem, Eimanifar &
Sun, 2016; Fig. 2), and inconsistent with general patterns of evolution of ITS markers in
Anostraca (Rodríguez-Flores et al., 2017, 2020). These discordances between sets of
markers across Asian populations are not reflected at the morphological level, since
bisexual populations fromWestern and Eastern Asian Lineages seem to differ consistently
(A. urmiana vs. A. sinica) in agreement with mtDNA clades (Cai, 1989b). While these
discordances need to be studied at a deeper level, we prefer to retain as separate
evolutionary entities the morphologically (nuclear) and mitochondrially defined Western
and Eastern Asian Lineages, in agreement with Cai (1989a, 1989b) and Zheng, Sun & Ma
(2004) tests of reproductive incompatibility.

Analyses carried out using mtDNA data (cox1, 12S and 16S), show that all 2n and
3n parthenogenetic specimens cluster together or are nested within a single lineage that
also includes some bisexual populations from Lake Urmia, Ukraine, and Tibet (Maniatsi
et al., 2011; Asem, Eimanifar & Sun, 2016); mitochondrial differentiation (cox1, 12S
and 16S) between 2n and 3n parthenogenetic populations and bisexual populations from
Lake Urmia is quite limited (Baxevanis, Kappas & Abatzopoulos, 2006; Maniatsi et al.,
2011; Eimanifar et al., 2014; Asem, Eimanifar & Sun, 2016), suggesting a very recent origin
for both parthenogenesis and polyploidy within this clade.

Nuclear data (Fig. 3) suggest that 3n polyploid specimens are occasional evolutionary
experiments, likely advocated to extinction, and therefore difficult to be considered as a
differentiated taxon (Baxevanis, Kappas & Abatzopoulos, 2006). On the other hand,
diploid parthenogenetic populations are well established, and widely distributed, but they
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will end up as clonal isolated lines, altogether difficult to be considered as a single
evolutionary unit or a single taxonomic entity (each female clone is an independent line)
(Abatzopoulos et al., 2002a). To complicate matters, the occasional males produced in 2n
parthenogenetic populations (MacDonald & Browne, 1987; Mura & Nagorskaya, 2005;
Maccari et al., 2013) open a window for the existence of gene flow between males of
parthenogenetic origin and bisexual populations when contact is established, which is a
relatively frequent situation. This problem requires further analyses, because Baxevanis,
Kappas & Abatzopoulos (2006) and Maniatsi et al. (2011) recovered multiple independent
origins for parthenogenesis and found large discordances between the evolutionary
patterns shown by nuclear and mitochondrial data among parthenogenetic lines.
We concur with Baxevanis, Kappas & Abatzopoulos (2006) on considering that 2n and 3n
parthenogenetic populations are part of a single Western Asian Lineage and that, at least
for the time being, they should not be treated as independent taxa (Fig. 3).

The fact that bisexual, diploid and triploid parthenogenetic populations, are part of a
single lineage, highly complicates the nomenclature of the Western Asian Lineage
(Asem et al., 2020). There is no information on the level of ploidy or mtDNA data for many
of the parthenogenetic populations for which available names have been published,
and therefore it is impossible to ascribe those names with certainty to either theWestern or
the Eastern Asian Lineages. Even having the opportunity to perform molecular analyses of
specimens from those localities, the chance that new introductions occurred, would
mask original identifications, since 4n (Eastern Asian Lineage) and 2n (Western Asian
Lineage) parthenogenetic specimens are currently found together in many areas
(Eimanifar et al., 2014). In this sense, some names applied to parthenogenetic populations
must remain as nomina dubia until additional information can be obtained. Among these
are the two Australian taxa described by Sayce (1903), A. australis and A. westraliensis.
Reasons to include them within the Western Asian Lineage are that all parthenogenetic
populations so far studied in Australia are reported to be 2n (McMaster et al., 2007;
Muñoz & Pacios, 2010).

In order to assure stability, reversion of precedence with respect to A. urmiana Günther,
1899, of names applied to parthenogenetic populations described before 1899 (Branchipus
milhausenii Fischer de Waldheim, 1834; Artemia koeppeniana Fischer, 1851, Artemia
proxima King, 1855, Artemia salina var. biloba Entz, 1886, Artemia salina var. furcata
Entz, 1886, and Artemia asiatica Walter, 1887) is feasible, because as far as we have been
able to find, none of them was used as a valid taxon name after 1899 (International
Commission on Zoological Nomenclature, 1999). In fact, Daday de Deés (1910) included
all of them, except A. asiatica (probably a lapsus, because Daday de Dées mentioned the
type locality of A. asiatica as part of the A. salina geographic range), as intraspecific
variants or synonyms of A. salina, and were not used again as names for any valid taxon.
On the other hand, the name A. urmiana has been used extensively, in at least 25 works,
published by at least 10 authors in the immediately preceding 50 years and encompassing a
span of not less than 10 years (see for example: Barigozzi et al., 1988; Abreu-Grobois &
Beardmore, 1991; Browne & Bowen, 1991; Triantaphyllidis, Abatzopoulos & Sorgeloos,
1998; Abatzopoulos et al., 2006, 2009; Baxevanis, Kappas & Abatzopoulos, 2006;
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Eimanifar, Rezvani & Carapetian, 2006; Eimanifar et al., 2014, 2016; Asem & Rastegar-
Pouyani, 2007, 2008, 2010; Asem, Rastegar-Pouyani & Agh, 2007; Asem, Rastegar-Pouyani
& De Los Ríos-Escalante, 2010; Asem et al., 2010; Asem, 2008; De Los Ríos & Asem, 2008;
Shadrin et al., 2008; Agh et al., 2009; Khomenko & Shadrin, 2009; Ahmadi et al., 2012;
Anufriieva & Shadrin, 2012, 2013; Castro Mejía et al., 2013; Eimanifar & Wink, 2013;
Zhang et al., 2013; Asem, Eimanifar & Sun, 2016; Naganawa &Mura, 2017; and additional
references in Asem & Rogers, 2012). Therefore, and according to the Article 23.9.2. of the
International Code of Zoological Nomenclature (International Commission on Zoological
Nomenclature, 1999), the name A. urmiana Günther, 1899 can be considered a nomen
protectum having thus nomenclatural precedence over the names Branchipus milhausenii
Fischer de Waldheim, 1834, Artemia koeppeniana Fischer, 1851, Artemia proxima King,
1855, and Artemia asiatica Walter, 1887 (all of them nomina oblita). Günther (1899)
description of A. urmiana is well illustrated and precise (Fig. 7).

The synonymic list (synonyms and new combinations) for the Western Asian Lineage
remains as follows:

Artemia urmiana Günther, 1899
Branchipus milhausenii Fischer de Waldheim, 1834: 459 (nomen oblitum). New synonymy.

Terra typica: Not stated in the original description, but a couple of pages earlier, Fischer

de Waldheim (1834: 457) indicated that Milhausen found the species “dans le lac salé Sak en

Crimée”. Only female specimens were mentioned or described in the original work.

Artemia mulhausenii (Fischer de Waldheim, 1834): Milne-Edwards, 1840: 370. Many authors

considered that Fischer (1851: 155) described a new species of Artemia under the name

Artemia muellhausenii Fischer, 1851. However, Fischer (1851) clearly indicated that his

description was intended only to improve former descriptions of the same taxon by Fischer de

Waldheim (1834 sub Branchipus milhausenii) and Rathke (1836 sub A. salina), both made

using materials from Crimea. Fischer (1851) used for Fischer de Waldheim (1834) taxon, the

spelling modified by Milne-Edwards (1840), adding an extra-l.

Artemia koeppeniana Fischer, 1851: 157 (nomen oblitum). New synonymy. Terra typica: “… im

südlichen Russland gesammelt,”. Only female specimens mentioned (Fischer, 1851).

Branchipus koeppenianus (Fischer, 1851): Grube, 1853: 140.

Artemia proxima King, 1855: 70 (nomen oblitum). New synonymy. Terra typica: “Salt Pans,

Newington; Parramatta”. Types not indicated (King, 1855, 1866).

Artemia salina var. biloba Entz, 1886: 105 (nomen oblitum).New synonymy. Terra typica: “Ezen

fajta a tömör sótartalmú tavakat, Vizaknan a 20%—os Tökölyit, Tordán a 10%—os

Aknafürdőt lakja.” [Romania: Transylvania: Lake Tökölyit in Vizaknán (Ocna Sibiului), Lake

Aknafürdőt in Tordán (Turda)]. Type not designated. Only female populations (Entz, 1886).

Daday de Deés (1910) established its synonymy with A. salina var. milhausenii.

Artemia salina var. furcata Entz, 1886: 106 (nomen oblitum). New synonymy. Terra typica:

“Ezen fajta a hígabb sotartalmú tavakat, Vizaknan a 7.65%—os Vörös-, és Asszonytavat,

Tordán a Banyafürdő 4%—os tavait lakja.” [Romania: Transylvania: Lake Vörös and

Asszonytavat in Vizaknán (Ocna Sibiului), Lake Banyafürdő in Tordán (Turda)]. Type not
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designated. Only female populations (Entz, 1886). Daday de Deés (1910) established its

synonymy with A. salina var. arietina.

Artemia asiatica Walter, 1887: 926 (nomen oblitum). New synonymy. Terra typica: “In einer

Salzquelle zwischen Bend-i-nadyr und dem Brunnen Agamet in der Bergwüste östlich vom

Murgab, nahe der Afghanengrenze”. The type series includes only females (Walter, 1887).

Walter (1888a, 1888b) indicated that only female specimens were collected in a salt-spring in

the hillside of the Afghan border, east of Saryken-Aul at Murgab [Bãlã Morgãb, 35�38′
N–63�18′, Afghanistan, see map in Radde &Walter (1889), between Bend-i-nadyr [ca. 35�51′
N–63�07′E] and the desert-well Agamet, on 14–26 April 1887, a salty lake with thickened

edges by precipitated salt.

Artemia urmiana Günther, 1899: 395 (nomen protectum). Terra typica: “Lake Urmi, in water of

specific gravity 1.1138.”. Bisexual (Günther, 1899; Fig. 7). Barigozzi et al. (1988) failed to find

bisexual populations at Lake Urmia, and found only parthenogenetic populations.

? Artemia australis Sayce, 1903: 229 (nomen dubium). Terra typica: “Brackish-water, Sandhills,

Gleneg, coastal district of South Australia…”. Sayce (1903) stated that over 100 specimens all

were females, and that the large number of young forms observed probably were of

parthenogenetic origin.

? Artemia westraliensis Sayce, 1903: 230 (nomen dubium). Terra typica: “Lake Aurean,

Murchison, West Australia…”. The type series consists of two female specimens (Sayce,

1903).

Artemisia proxima (King, 1855): Dakin, 1914: 294.

Artemisia australis (Sayce, 1903): Dakin, 1914: 294.

Artemisia westraliensis (Sayce, 1903): Dakin, 1914: 296.

Artemia parthenogenetica Bowen & Sterling, 1978: 595. New synonymy. Terra typica: not stated

explicitly, but the authors included five parthenogenetic populations in its category: “…

Madras and Kutch, India; Port Hedland, Australia; Sète, France; and Yamaguchi-ken, Japan”.

Type series or type material not designated, and ploidy not stated (Bowen & Sterling, 1978). It is

very possible that materials used in this work included both 2n and 4n parthenogenetic

populations, but most of the populations included by Bowen & Sterling (1978) correspond

today to the A. urmiana clade (Triantaphyllidis, Abatzopoulos & Sorgeloos, 1998; Muñoz &

Pacios, 2010). A lectotype designation (if type specimens exist) or neotype (if they are lost) is

necessary to assure the correct synonymization of this name.

? Artemia barkolica Qian &Wang in Qian et al. (1992) (nomen dubium). Terra typica according

to Asem et al. (2020): Barkol Lake, Xinjiang, China. Male and female specimens known.

Specimens from Barkol Lake were studied at the molecular level by Asem, Eimanifar & Sun

(2016); these sequences are nested within the Western Asian Lineage. Asem et al. (2020)

already considered this taxon to be composed of several phylogenetic clades (all present in

this location), but they did not provide a formal statement on its synonymy.

Artemia urumuqinica Qian & Wang in Qian et al. (1992) (nomen dubium). Terra typica

according to Asem et al. (2020): Urumqi Caiwuo Pu Yan Hu, Xinjiang, China. Only female
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specimens known. Asem et al. (2020) considered it a possible synonym of previously

described taxa, but they did not provide any formal statement on its synonymy.

Artemia ebinuricaQian &Wang inQian et al. (1992).New synonymy. Terra typica according to

Asem et al. (2020): Ebinur, Xinjiang, China. Male and female specimens known. Cox1

sequences of specimens from Aibi Lake were studied at the molecular level by Maccari et al.

(2013) and Asem, Eimanifar & Sun (2016); these sequences are included within the Western

Asian Lineage. Asem et al. (2020) mentioned that they could be considered as synonyms

of previously described taxa, but they did not provide any formal statement on its synonymy.

Artemia tibetiana Abatzopoulos, Zhang & Sorgeloos, 1998: 43. New synonymy. Terra typica: “…

in Lagkor Co Lake on the high plateaus of Tibet (P.R. China).” “Lagkor Co is a carbonate lake,

situated 4,490 m above sea level in the arid-temperate plateau zone of Tibet, at 84� 13′ E and

32� 03′ N… ”. Types not designated. Bisexual (Abatzopoulos, Zhang & Sorgeloos, 1998).

The taxon was characterized by presenting large cyst diameter (323 µm + 17.2; 330 µm

+14.6), the largest length of first instar nauplii (667 µm + 32.7), and the largest adult size

recorded among Artemia species (Abatzopoulos, Zhang & Sorgeloos, 1998). However genetic

divergence based on allozyme analyses, and reproductive incompatibility (postzygotic

isolation) between this Tibetan populations and other Asian populations studied was

relatively low (allozymes), or not significantly different (fertility) than those obtained for

intraspecific crossings (Abatzopoulos, Zhang & Sorgeloos, 1998).

Artemia murae Naganawa in Naganawa & Mura (2017): 1684. New synonymy. Terra typica:

“Tonkhil nuur (Tonkhil Lake), Tonkhil sum., Gobi-Altai aimag, Mongolia (46�10′10″N
93�55′00″E),…”. Bisexual. This population deserves further molecular analyses (see above).

Artemia frameshifta Naganawa & Mura, 2017: 1688. New synonymy. Terra typica: “Bajan-

Onjul, Tov aimag, Mongolia…”. Only female specimens known.

Eastern Asian Lineage—Artemia sinica
The Eastern Asian Lineage is composed of two to three relatively well supported cox1
mtDNA sister clades. The available information on nuclear markers, suggests that either
gene flow is still ongoing across them, or that actual isolation across mtDNA clades is
so recent that there is no evidence of nuclear isolation (Baxevanis, Kappas & Abatzopoulos,
2006; Eimanifar et al., 2014; Asem, Eimanifar & Sun, 2016). Again, divergence among
mtDNA clades within the Eastern Asian Lineage is low compared to what is found among
old mtDNA clades in other species of Artemia, for which the existence of gene flow
across mtDNA clades has been demonstrated to occur (Eimanifar et al., 2014).
Consequently, all populations structured in cox1 clades within the Eastern Asian Lineage
should be treated as a single evolutionary and taxonomic unit.

The Eastern Asian Lineage includes bisexual and 4n–5n polyploid parthenogenetic
specimens (Baxevanis, Kappas & Abatzopoulos, 2006; Asem, Eimanifar & Sun, 2016).
Bisexual populations are morphologically diagnosable (Cai, 1989a, 1989b), while bisexual
and parthenogenetic populations are genetically characterized with respect to all other
lineages (Baxevanis, Kappas & Abatzopoulos, 2006), but see Eimanifar et al. (2014) and
Asem, Eimanifar & Sun (2016) to get an idea of the large diversity shown by rapidly
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evolving nuclear data. Mitochondrial DNA variability within either parthenogenetic or
bisexual populations is very limited (Naihong et al., 2000). All 4n and 5n parthenogenetic
specimens cluster in a single clade (based on cox1, 12S and 16S mtDNA), related but
not nested within the bisexual clade from China (Maniatsi et al., 2011; Asem, Eimanifar &
Sun, 2016). Cox1 divergence between the 4n and 5n parthenogenetic clade and the bisexual
populations is relatively large (Maniatsi et al., 2011; Asem, Eimanifar & Sun, 2016),
suggesting that parthenogenesis and polyploidy arose after separation of the two clades.
Nuclear data, either ITS1 or slow evolving nuclear genes, such as Na+/K+ ATPase, show
that some specimens of 4n populations share alleles with 2n and bisexual populations
of the Western Asian Lineage, while all other 4n and 5n display a wide array of alleles
some of them related to bisexual populations of the Eastern Asian Lineage (Baxevanis,

Figure 7 Original illustration of Artemia urmiana (nomen protectum) in Günther (1899) from The
Journal of the Linnean Society, 27, pl. 25, a high-quality illustration accompanying the original
description of A. urmiana. Full-size DOI: 10.7717/peerj.10865/fig-7
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Kappas & Abatzopoulos, 2006; Asem, Eimanifar & Sun, 2016). However, nuclear data of
parthenogenetic polyploid populations are of difficult interpretation since polyploidy
generates multiple nuclear copies.

Parthenogenesis and polyploidy are strong speciation factors when sufficient time is
provided, sometimes leading to complete isolation and the formation of independent
taxa (Chaplin & Hebert, 1997; Mark Welch & Meselson, 2000; Cunha, Doadrio & Coelho,
2008; but see Hurst & Peck, 1996; Schön, Martens & Rossi, 1996). In parthenogenetic
Artemia, each polyploidy event could be treated as a speciation event, resulting thus in
multiple agamospecies (Mayr, 2001) as indicated by Maniatsi et al. (2011). Despite the
time elapsed from their split from the bisexual Eastern Asian Lineage, all 4n specimens
studied so far share a common cox1 haplotype, with only one mutation step minor variants
(Baxevanis, Kappas & Abatzopoulos, 2006; Maniatsi et al., 2011), consequence of very
recent mutation events, or more likely derived from sequence reading problems or PCR
noise. This implies that 4n parthenogenetic populations were originated very recently from
a bisexual ancestral population sister to the bisexual populations of the Eastern Asian
Lineage. Therefore, even if current tetraploid parthenogenetic populations could be
isolated (Maniatsi et al., 2011), their hypothetical recent bisexual ancestor is likely not.
We again agree with Baxevanis, Kappas & Abatzopoulos (2006), Maniatsi et al. (2011),
and Eimanifar, Van Stappen & Wink (2015) in considering that these 4n and 5n
parthenogenetic populations are part of an Eastern Asian Lineage, and they should not be
treated as an independent taxon from the bisexual populations that originated them.

Only one species name, Artemia sinica Cai, 1989, has been applied with certainty to
the Eastern Asian Lineage in addition to A. parthenogenetica (in part). However, it could
be possible that some of the nomina dubia included tentatively under A. urmiana,
corresponded in fact to the Eastern Asian Lineage (see comments in Asem et al., 2020).
Then, some of those names might have priority over A. sinica. The description of A. sinica
by Cai (1989a) was published in a short format and latter corrected and completed,
with better quality images (Cai, 1989b).

So far, the synonymic list for the Eastern Asian Lineage remains as follows:

Artemia sinica Cai, 1989
Artemia sinica Cai, 1989a: 40. Terra typica: “…from the 150 km2 Xie-chi sulphate salt

lake, located east of the city of Yun Chang in the Shan-xi Province in Central China.”.

Bisexual (Cai, 1989a, 1989b). The figure presented in Cai (1989a) was published in better

quality in Cai (1989b). Cai (1989b) corrected some data of the type locality: Yun Cheng salt

lake, Shanxi Province, China; and described the morphologically differential characters.

Cai (1989b) indicated that the species presents 42 chromosomes and that it is reproductively

isolated from the rest of species in the genus and is morphologically distinguishable from all

other bisexual species.

Remarks on the morphology of Artemia
Many authors have studied different aspects of the morphology of Artemia, including
qualitative and quantitative traits and its state at different moments of development
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(Schmankewitsch, 1873, 1877b; Artom, 1907a; Abonyi, 1915; Gilchrist, 1960; Tyson &
Sullivan, 1979, 1980; Amat, 1980a, 1980b; Wolfe, 1980; Schrehardt, 1987; Mura, Del
Caldo & Fanfani, 1989;Mura, Fanfani & Del Caldo, 1989;Mura, 1990; Hontoria & Amat,
1992a, 1992b; Mura & Del Caldo, 1992; Torrentera & Dodson, 1995; Brendonck & Belk,
1997; Triantaphyllidis et al., 1997a, 1997b; Gajardo et al., 1998; Cohen et al., 1999; Cohen,
Rodríguez Gil & Vélez, 1999; Zúñiga et al., 1999; Mayer, 2002; Torrentera & Belk, 2002;
Mura & Brecciaroli, 2004; Abatzopoulos et al., 2009; Baxevanis et al., 2005; Asem,
Rastegar-Pouyani & Agh, 2007; Asem & Rastegar-Pouyani, 2008; Asem et al., 2010; De Los
Ríos & Asem, 2008; Asem & Rastegar-Pouyani, 2010; Vetriselvan & Munuswamy, 2011;
Naceur, Jenhani & Romdhane, 2012, 2013; Asem & Sun, 2016). Most of them concluded
that inter-populational variability is so high as to impede using the characters studied for
species discrimination unless specimens are reared at controlled laboratory conditions
(Mura & Brecciaroli, 2004; Abatzopoulos et al., 2009; Asem et al., 2010). Temperature and
ionic composition and concentration were mainly responsible for the differences found
among populations from close locations or among seasonal cohorts in a single location
(Schmankewitsch, 1877b; Abonyi, 1915; Amat, 1980b; Naceur, Jenhani & Romdhane, 2012).

Some quantitative characters, including abdominal length, size and shape of the ovisac,
length of the furca, number of setae on furcal branches, and size and shape of head
appendages, as eye diameter and length of the antenna, have been shown to enable taxon
discrimination when specimens are reared under similar developmental conditions
(Hontoria & Amat, 1992a, 1992b). In this situation, Baxevanis et al. (2005) reported
that both sexes of bisexual A. urmiana can be differentiated from A. sinica and A. monica
(¼ A. franciscana) based on the display of a very thin and long abdomen, the shape of the
ovisac, and the remarkable short furcal branches, which either have few setae or are
completely naked. Artemia sinica differs from representatives of the A. monica clade in the
relative length/width ratio of the abdomen (Cai, 1989b). In A. persimilis each of the furcal
rami of adults bears three to five feathered setae (Cohen et al., 1999), while adults of
A. monica bear generally 12 to 15 each (Schrehardt, 1987 sub A. franciscana).

Qualitative characters such as shape, size and ornamentation of the frontal knobs of
male antennae, and presence and ornamentation of spine-like projections at the base of
penises, are reliable features for the identification of A. persimilis and A. salina, but are
less useful for the recognition of other taxa (Triantaphyllidis et al., 1997a; Mura &
Brecciaroli, 2004; Abatzopoulos et al., 2009). The frontal knob of the male antenna is
sub-spherical, large and poorly ornamented in A. persimilis, it is sub-cylindrical in A. salina,
whereas it is sub-spherical but smaller and covered with dense papillae in specimens of
A. monica, A. urmiana andA. sinica (Mura & Brecciaroli, 2004). Ornamentation of the basal
spines of penis (absent in A. salina) can be used to separate A. persimilis from all other
species: A. persimilis presents a few tooth-like protuberances scattered on the surface, while
specimens of A. monica, A. urmiana and A. sinica present a dense cover of scale-like
projections covering the tip of each penis (Mura & Brecciaroli, 2004).

Adult males of A. salina are characterized by the display of sub-cylindrical frontal
knobs, which are sub-spherical in all other species, and by the absence of a basal spine on
the penises, (vs. present in all other species). The sub-spherical frontal knob of the
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male antennae of A. sinica is generally smaller than those of specimens of A. monica
(¼ A. franciscana) and A. urmiana (Cai, 1989a, 1989b).

Identification key to males of Artemia
Note that separation between specimens of A. monica (¼ A. franciscana), A. sinica and
A. urmiana cannot be established with certainty unless specimens are reared under
controlled conditions. Morphological characters used in the key were mainly obtained
from Cai (1989b), Triantaphyllidis et al. (1997a), Cohen et al. (1999), Mura & Brecciaroli
(2004), and Baxevanis et al. (2005).
1. Penises without spine outgrowth on the basal part; antennal frontal knobs

sub-cylindrical . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Artemia salina
Penises with spine outgrowth on the basal part; antennal frontal knobs sub-spherical
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2. Basal spine of the penises without terminal scale-like projections and with a few
tooth-like protuberances scattered on surface; frontal knobs large and poorly
ornamented . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Artemia persimilis
Scale-like, acute, projections covering completely the apical end of the basal spine of the
penises; small, densely ornamented frontal knobs with spines and setae . . . . . . . . . . 3

3. Abdomen proportionally long, furcal branches remarkably short, rami with few to none
plumose setae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Artemia urmiana
Abdomen proportionally short, furcal branches each with less than 15 plumose
setae. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

4. Frontal knobs large, with large basis; abdominal segments proportionally broad
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Artemia monica (¼ A. franciscana)
Frontal knobs small, with small basis; abdominal segments proportionally
slender . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Artemia sinica

CONCLUSIONS
The proper names for the evolutionary units in which brine shrimps are structured
remain as follows: Artemia persimilis Piccinelli & Prosdocimi, 1968 for the Southern Cone
Lineage; Artemia salina (Linnaeus, 1758) for the Mediterranean-South African Lineage;
Artemia monica Verrill, 1869 (¼ A. franciscana Kellogg, 1906) for the New World Lineage
Artemia urmiana Günther, 1899 for the Western Asian Lineage; and Artemia sinica
Cai, 1989 for the Eastern Asian Lineage.

Future research to identify species-level lineages in Artemia is still required in
different geographic areas. The Mediterranean and South African populations of A. salina are
so distant geographic and genetically that they could represent two independent taxonomic
units (Muñoz et al., 2008; but see Baxevanis et al., 2014). The mtDNA phylogeographic
structure within A. monica (¼ A. franciscana), depicts a series of relatively isolated
units (Puerto Rico, México among others, see Fig. 5) so separated from the remaining ones,
that deserve a detailed nuclear study to set the level of gene flow among them. The extent of
gene flow occurring among the different Tibetan populations and also with respect to
other Asian populations needs to be revised. Since the population of A. tibetiana from the type
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locality shows a relatively high-level of gene exchange with Asian populations of A. urmiana
(Baxevanis, Kappas & Abatzopoulos, 2006; Eimanifar et al., 2014; Asem, Eimanifar & Sun,
2016), its synonymy seems to be justified. But, other Tibetan populations might not be
subjected to equal amounts of gene flow, and could represent undescribed taxa (Kappas,
Baxevanis & Abatzopoulos, 2011; Eimanifar et al., 2014). Finally, bisexual Hawaiian (Sars,
1904) and coastal Peruvian (Grube, 1874) populations, bisexual and parthenogenetic Chinese
populations (Qian et al., 1992), and parthenogenetic populations from Australia (Sayce, 1903),
all require of molecular data to guarantee a precise identification to confirm their synonymy
with other published names.

APPENDIX I
Nomina nuda and other unavailable names in Artemia
A nomen nudum is “a name that, if published before 1931, fails to conform to Article 12; or,
if published after 1930, fails to conform to Article 13. A nomen nudum is not an available
name, and therefore the same name may be made available later for the same or a different
concept; in such a case it would take authorship and date [Arts. 50, 21] from that act of
establishment, not from any earlier publication as a nomen nudum.” (International
Commission on Zoological Nomenclature, 1999). Article 12 explicitly indicates that:
“To be available, every new name published before 1931 must satisfy the provisions of Article
11 and must be accompanied by a description or a definition of the taxon that it denotes,
or by an indication”. Article 13 explicitly indicates: “T. be available, every new name
published after 1930 must satisfy the provisions of Article 11 and must 13.1.1. be
accompanied by a description or definition that states in words characters that are purported
to differentiate the taxon, or 13.1.2. be accompanied by a bibliographic reference to such a
published statement, even if the statement is contained in a work published before 1758, or
in one that is not consistently binominal, or in one that has been suppressed by the
Commission (unless the Commission has ruled that the work is to be treated as not having
been published [Art. 8.7]), or 13.1.3. be proposed expressly as a new replacement name
(nomen novum) for an available name, whether required by any provision of the Code or
not.”

According to the International Commission on Zoological Nomenclature (1999)
criteria for a name to be considered a nomen nudum (Articles 12 and 13 of the Code), none
of the following Artemia names are nomina nuda: Eulimene albida Latreille, 1816;
Branchipus milhausenii Fischer deWaldheim, 1834; Artemia salina f. arietina Fischer, 1851;
Artemisia proxima King, 1855; Branchipus oudneyi Liévin, 1856; Artemia jelskii Grube,
1874; Artemia salina var. biloba Entz, 1886; Artemia salina var. furcata Entz, 1886;
Callaonella dybowski Grochowski, 1896; Artemia westraliensis Sayce, 1903; and Artemia
salina var. pacifica Sars, 1904. They are all available names.

However, “Artemia elegans Seale, 1933”, “Artemia americana Barigozzi, 1974”,
“Artemia odessensis Barigozzi, 1980”, “Artemia sinica aibihuensis Yin, Zhang & You,
2013”, “Artemia sinica gahaiensis Yin, Zhang & You, 2013”, “Artemia sinica jingyuhuensis
Yin, Zhang & You, 2013”, and “Artemia sinica xiaochaidanensis Yin, Zhang & You, 2013”,
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meet the requirements to be considered nomina nuda and therefore are unavailable
(Asem et al., 2020; see also Article 11.5).

All other names from Simon (1886), Samter & Heymons (1902), Artom (1906a,
1906b, 1906c, 1912, 1921b), and Perrier (1929), included by Rogers (2013) as nomina nuda,
and those included by Vikas et al. (2012) (Asem et al., 2020) rather correspond to
denominations that the authors never intended to become taxonomic nomenclatural acts,
or to names that actually were never used by them. Artom (1905, 1906a, 1906b, 1906c,
1907a, 1907b, 1908, 1911, 1912, 1913, 1921a, 1921b, 1922, 1924, 1926, 1931) performed a
series of meticulous experiments demonstrating the existence of an ovoviviparous
reproductive mode, and the presence of parthenogenetic and also tetraploid populations of
Artemia, which he considered to be differentiated species. However, Artom (op. cit.)
never intended to provide new names for these species or describing them (Bond, 1934);
contrary to the opinion of Barigozzi (1974, 1980). Artom (op. cit.) used names as biological
terms, in Italian, referring to the biological traits of the populations he was studying:
“Artemie sessuate”, “Artemie partenogenetiche”, “Artemia di Cagliari”, “Artemia
partenogenetica di Capodistria”, “varietà sessuata”, “forma sessuata”, “Artemia sessuata”,
“varietà partenogenetica”, “Artemie partenogenetiche di Marsiglia e di Capodistria”,
“Artemia a partenogenesi indefinita”, “Artemia sessuata di Cagliari”, “Artemia sessuata
di Cagliari”, “Artemia salina sessuata di Cagliari”, “Artemia partenogenetica di
Capodistria”, “Artemia salina partenogenetica di Capo d’Istria”, “Artemia salina di
Capodistria”, “Artemia micropirenica”, “Artemia macropirenica”, “Artemie
micropireniche”, “Artemie macropireniche”, “Artemia salina partenogenetica di Odessa”,
“Artemia partenogenetica di Odessa”, “Artemie (univalens di Cagliari e bivalens di Capo
d’Istria)”, “Artemia bivalens”, “Artemia univalens”, “specie univalens sessuata (Cagliari)”,
specie “bivalens partenogenetica (Capodistria e Odessa)”, “Artemia salina univalens”,
“Artemia salina bivalens”, “Artemia salina bivalens di Capo d’Istria”, “Artemia salina
di Cagliari (univalens)”, “Artemia salina di Capo d’Istria (bivalens)”, “Artemia salina
bivalens di Odessa” (Artom, op. cit.; italics as in the original). These adjectives, used in
different forms in the same page, are not taxonomic actions and are not available for
nomenclatural purposes (Art. 1.3.5). Therefore, they cannot be included in the
synonymy of any species of Artemia (Belk & Brtek, 1995), nor treated as nomina nuda
(Rogers, 2013). A similar situation occurs with Samter & Heymons (1902) diverse
expresions; however, Samter & Heymons (1902) never used a name such as “Artemia
cagliaritana”, wrongly attributed to them in various synonymic lists (nomen dubium
according to Belk & Brtek (1995), and nomen nudum according to Rogers (2013 sub
“Artemia cagliartiana”), or to Barigozzi (1980: 150 sub “Artemia calaritana”)).
However, Artom (1905: 286) did use such a name to indicate that there is no justification
to legitimate the creation of a new species: “… non sono tali da legittimare la creazione
di una nuova specie di Artemia Cagliaritana”, obviously referring to the geographic
location of his samples, as stated a few lines below: “…di una especie Cagliaritana”.
These words cannot be considered a nomenclatural act. In a similar manner, Simon (1886)
subdivision of morphotypes in A. salina: “Forma principalis”, “Forma intermedia”,
“Forma Milhauseni”, and “Forma Köppeniana”, were not intended to be used as
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taxonomic entities. However, Daday de Deés (1910) made the name A. salina var.
principalis available. Barigozzi (1974, 1980) with an evident disregard for taxonomic
nomenclature, complicated matters by proposing infrasubspecific and new (unavailable)
names and by considering Artom’s (op. cit.) descriptions, nomenclatural acts.

In summary, the following names mentioned by previous authors (Belk & Brtek, 1995;
Rogers, 2013) are unavailable for taxonomic nomenclature purposes and consequently
should be stated as such, or simply should not to be placed in the synonymic list of
any species of Artemia: “Artemia salina f. intermedia Simon, 1886”; “Artemia salina
f. principalis Simon, 1886”; “Artemia cagliaritana Samter & Heymons, 1902”; “Artemia
salina partenogenetica Artom, 1906”; “Artemia salina sessuata Artom, 1912”; “Artemia
salina univalens Artom, 1912”; “Artemia salina bivalens Artom, 1912”; “Artemia bivalens
partenogenetica Artom, 1912”; “Artemia micropirenica Artom, 1921”; “Artemia salina
f. typica Perrier, 1929”; “Artemia elegans Seale, 1933; Artemia americana Barigozzi, 1974”;
“Artemia odessensis Barigozzi, 1980”; “Artemia kazakhastan Vikas et al., 2012”; and
“Artemia china Vikas et al., 2012”. See Asem et al. (2020) for details with respect for these
two last names.

Some additional names, “Artemia salina var. arietina f. brachycerca Daday de Deés,
1910”; “Artemia salina var. arietina f. dolichocerca Daday de Deés, 1910”; “Artemia
salina var. arietina f. eurycerca Daday de Deés, 1910”; “Artemia salina var. arietina f.
oligotricha Daday de Deés, 1910”; “Artemia salina var. arietina f. polytricha Daday de Deés,
1910”; and “Artemia salina var. principalis Daday de Deés, 1910”, were used to describe
intrapopulational variation and infrasubspecific taxa and therefore, are also unavailable
according to the International Commission on Zoological Nomenclature (1999).

Once all these aforementioned names are removed from consideration, there are still 31
available names that could be applied to taxa within Artemia (see main text and “Appendix
II”).

APPENDIX II
Nomina dubia in Artemia
A nomen dubium is “a name of unknown or doubtful application”, but nonetheless, an
available name (International Commission on Zoological Nomenclature, 1999). There are
many names of doubtful application in Artemia (Belk & Brtek, 1995). The incorporation
of reproductive biology and molecular data to the current species concepts, makes
very difficult the assignation of the older and some recent names to the taxon they
belong to.

Names falling within the category of nomina dubia are: Eulimene albida Latreille,
1816, “…dans la Méditerranée…”, type locality not precise and reproductive mode not
indicated (Latreille, 1816). Artemia eulimene Leach, 1819, “Habite la Méditerranée, près
Nice”, type locality precise, but reproductive mode not indicated (Leach, 1819).
Artemia proxima King, 1855, “Salt Pans, Newington; Parramatta”, type locality impossible
to locate (according to Sayce (1903)), but currently Newington and Parramatta are suburbs
of Sydney (New South Wales); Newington produced large quantities of salt along the
19th century; in case the population still exists, it requires DNA data. Artemia gracilis
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Verrill, 1869, “Near NewHaven, in tubs of water from salt marsh”, type locality precise, but
not found again; if the population still exists requires DNA data. Artemia jelskii Grube,
1874, “…Callao…”, it is possible that the specimens studied were originated from any
saltern along the coast of Perú, but shipped to Europe from Callao, the main commercial
port at the time in the area; if the population still exists it would be necessary to study
its genetic identity. Artemia australis Sayce, 1903, “Brackish-water, Sandhills, Glenelg,
coastal district of South Australia…”, probably parthenogenetic based on the material
studied originally (Sayce, 1903), requires DNA data. Artemia westraliensis Sayce, 1903,
“Lake Aurean, Murchison, West Australia…”, probably parthenogenetic based on the type
series (Sayce, 1903); if the population still exists requires DNA data. Artemia barkolica
Qian &Wang, 1992, sequences are nested within the Western Asian Lineage, but there are
contradictory data on the reproductive mode of this population (Asem et al., 2020).
Artemia urumuqinica Qian & Wang, 1992, is likely a synonym of A. urmiana, but more
clarifying data are necessary. For these names, we can only make a tentative attempt of
species allocation.

ACKNOWLEDGEMENTS
We thank Ernesto Recuero and Paloma Mas Peinado for help during sampling.
We are grateful to AllGenetics personnel for their quality work on the high-throughput
sequencing. We especially thank Miguel Ángel Alonso Zarazaga and José Luis Ruiz for
help on the nomenclatural issues and by their comments and corrections on the
manuscript, and Damià Jaume for a thorough review of the manuscript which really
improved it. We also thank Begoña Sánchez Chillón, curator of the Arthropod Collection
of the Museo Nacional de Ciencias Naturales, for all the resources provided.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
Field and laboratory work was funded by the project-grants PID2019-110243GB-100/AEI/
10.13039/501100011033 (Ministerio de Ciencia e Innovación) and IND2018/AMB9692
(Comunidad de Madrid) to Mario García-París. Support of the publication fee was granted
by the CSIC Open Access Publication Support Initiative through its Unit of Information
Resources for Research (URICI). Lucía Sainz-Escudero is supported by a “Doctorado
Industrial” grant (IND2018/AMB9692), from Comunidad de Madrid (Spain). There was
no additional external funding received for this study. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Ministerio de Ciencia e Innovación-FEDER: PID2019-110243GB-100/AEI/10.13039/
501100011033.
Comunidad de Madrid: IND2018/AMB9692.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 45/62

http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


CSIC Open Access Publication.
Comunidad de Madrid (Spain): IND2018/AMB9692.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Lucía Sainz-Escudero conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

� E. Karen López-Estrada conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

� Paula Carolina Rodríguez-Flores conceived and designed the experiments, performed
the experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

� Mario García-París conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, revised the ancient literature, and approved the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Field permits were granted by SEMARNAT (México) (oficio n� SGPA-DGVS-
04386-15).

Data Availability
The following information was supplied regarding data availability:

Data are available at NCBI: MT495440, MT495441.
A. salina and A. monica sequences are now available at GenBank: SAMN16079497 and

SAMN16079498, respectively.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10865#supplemental-information.

REFERENCES
Abascal F, Zardoya R, Telford MJ. 2010. TranslatorX: multiple alignment of nucleotide sequences

guided by amino acid translations. Nucleic Acids Research 38(Suppl. 2):W7–W13
DOI 10.1093/nar/gkq291.

Abatzopoulos TJ, El-Bermawi N, Vasdekis C, Baxevanis AD, Sorgeloos P. 2003. Effects of
salinity and temperature on reproductive and life span characteristics of clonal Artemia.
Hydrobiologia 492(1–3):191–199 DOI 10.1023/A:1024826702830.

Abatzopoulos TJ, Amat F, Baxevanis AD, Belmonte G, Hontoria F, Maniatsi S, Moscatello S,
Mura G, Shadrin N. 2009. Updating geographic distribution of Artemia urmiana Günther,

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 46/62

http://www.ncbi.nlm.nih.gov/nuccore/MT495440
http://www.ncbi.nlm.nih.gov/nuccore/MT495441
https://www.ncbi.nlm.nih.gov/biosample/SAMN160799497
https://www.ncbi.nlm.nih.gov/biosample/SAMN16079498/
http://dx.doi.org/10.7717/peerj.10865#supplemental-information
http://dx.doi.org/10.7717/peerj.10865#supplemental-information
http://dx.doi.org/10.1093/nar/gkq291
http://dx.doi.org/10.1023/A:1024826702830
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


1890 (Branchiopoda: Anostraca) in Europe: an integrated and interdisciplinary approach.
International Review of Hydrobiology 94(5):560–579 DOI 10.1002/iroh.200911147.

Abatzopoulos TJ, Baxevanis AD, Triantaphyllidis GV, Criel G, Pador EL, Van Stappen G,
Sorgeloos P. 2006. Quality evaluation of Artemia urmiana Günther (Urmia Lake, Iran) with
special emphasis on its particular cyst characteristics (International Study on Artemia LXIX).
Aquaculture 254(1–4):442–454 DOI 10.1016/j.aquaculture.2005.11.007.

Abatzopoulos TJ, Beardmore JA, Clegg JS, Sorgeloos P. 2002a. Biology of aquatic organisms.
Artemia: basic and applied biology. Dordrecht: Kluwer academic publishers, 171–224.

Abatzopoulos TJ, Kappas I, Bossier P, Sorgeloos P, Beardmore JA. 2002b. Genetic
characterization of Artemia tibetiana (Crustacea: Anostraca). Biological Journal of the Linnean
Society 75(3):333–344 DOI 10.1111/j.1095-8312.2002.tb02074.x.

Abatzopoulos TJ, Kastritsis CD, Triantaphyllidis CD. 1986. A study of karyotypes and
heterochromatic associations in Artemia, with special reference to two N. Greek populations.
Genetica 71:3–10.

Abatzopoulos TJ, Zhang B, Sorgeloos P. 1998. Artemia tibetiana: preliminary characterization of
a new Artemia species found in Tibet (People’s Republic of China). International study on
Artemia, LIX. International Journal of Salt Lake Research 7(1):41–44 DOI 10.1007/BF02449923.

Abonyi S. 1915. Experimentelle Daten zum Erkennen der Artemia-gattung. Zeitschrift für
wissenschaftliche Zoologie 114:95–168.

Abreu-Grobois FA. 1983. Population genetics of Artemia. Doctoral dissertation, University
College of Swansea, Great Britain, 438.

Abreu-Grobois FA. 1987. A review of the genetics of Artemia. In: Sorgeloos P, Bengtson DA,
Decleir W, Jaspers E, eds. Artemia Research and its Applications. Morphology, Genetics, Strain
Characterization, Toxicology. Wetteren: Universa Press, 61–99.

Abreu-Grobois FA, Beardmore JA. 1980. International study on Artemia. II. Genetic
characterization of Artemia populations: an electrophoretic approach. In: Persoone G,
Sorgeloos P, Roels OA, Jaspers E, eds. The Brine Shrimp Artemia. Vol. 1. Wetteren: Universa
Press.

Abreu-Grobois FA, Beardmore JA. 1983. Genetic differentiation and speciation in the brine
shrimp, Artemia. In: Arigozzi B, ed. Progress in Clinical and Biological Research, Mechanics of
specialization. New York: Liss, 345–376.

Abreu-Grobois FA, Beardmore JA. 1991. Genetic characterization and intra-generic relationships
of Artemia monica Verrill and A. urmiana Günther. Hydrobiologia 212(1):151–168
DOI 10.1007/BF00025997.

Agh N, Bossier P, Abatzopoulos TJ, Beardmore JA, Van Stappen GV, Mohammadyari A,
Rahimian H, Sorgeloos P. 2009. Morphometric and preliminary genetic characteristics of
Artemia populations from Iran. International Review of Hydrobiology 94(2):194–207
DOI 10.1002/iroh.200811077.

Ahmadi R, Esmaili L, Mohebbi F, Ganji S. 2012. Semi-intensive culture of parthenogenetic
population of Artemia and Artemia urmiana Günther, 1899 (Crustacea: Anostraca) on the
fertilized ponds in Fesendooz district (near of Urmia lake, Iran). International Journal of
Artemia Biology 2(2):48–51.

Albert EM, Zardoya R, García-París M. 2007. Phylogeographic and speciation patterns in
subterranean worm lizards of the genus Blanus (Amphisbaenia: Blanidae). Molecular Ecology
16(7):1519–1531 DOI 10.1111/j.1365-294X.2007.03248.x.

Alonso M. 1996. Crustacea, Branchiopoda. In: Ramos MA, ed. Fauna Ibérica. Vol. 7. Madrid:
Museo Nacional de Ciencias Naturales, CSIC, 486.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 47/62

http://dx.doi.org/10.1002/iroh.200911147
http://dx.doi.org/10.1016/j.aquaculture.2005.11.007
http://dx.doi.org/10.1111/j.1095-8312.2002.tb02074.x
http://dx.doi.org/10.1007/BF02449923
http://dx.doi.org/10.1007/BF00025997
http://dx.doi.org/10.1002/iroh.200811077
http://dx.doi.org/10.1111/j.1365-294X.2007.03248.x
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Alonso M, Ventura M. 2013. A new fairy shrimp Phallocryptus tserensodnomi (Branchiopoda:
Anostraca) from Mongolia. Zootaxa 3670(3):349–361 DOI 10.11646/zootaxa.3670.3.5.

Amat F. 1980a. Differentiation in Artemia strains from Spain. In: Persoone G, Sorgeloos P,
Roels O, Jaspers E, eds. The Brine Shrimp Artemia. Vol. 1, Morphology, Genetics, Radiobiology.
Wetteren: Toxicology Universa Press.

Amat F. 1980b. Diferenciación y distribución de las poblaciones de Artemia (crustáceo,
branquiópodo) de España. II. Incidencia de la salinidad ambiental sobre la morfologia y el
desarrollo. Investigación Pesquera, Barcelona 44:485–503.

Amat F, Hontoria F, Navarro JC, Cohen RG, Rodríguez Gil SG. 1994. Aproximación preliminar
a la distribución del genero Artemia (especie A. persimilis) en Argentina. Provincias de Buenos
Aires y La Pampa. Pp. 73-84. In: VIII Congreso Latinoamericano de Acuicultura, Santa Fe de
Bogotá, Colombia.

Amat F, Hontoria F, Ruiz O, Green A, Sánchez MI, Figuerola J, Hortas F. 2005. The American
brine shrimp as an exotic invasive species in the western Mediterranean. Biological Invasions
7(1):37–47 DOI 10.1007/s10530-004-9634-9.

Anufriieva EV, Shadrin NV. 2012. Artemia urmiana Günther, 1900 (Anostraca): historical
biogeography, its possible future in Lake Urmia, and perspectives for aquaculture. In: First
International Conference on Larviculture in Iran and International Workshop on Replacement of
Fish Meal/Oil with Plant Sources, Urmia University, Iran.

Anufriieva EV, Shadrin NV. 2013. Hypothesis of the origin of Artemia urmiana (Anostraca,
Crustacea) in the Crimea: an essay of the paleoreconstruction. Scientific Notes of Taurida
National V. I. Vernadsky University—Series: Geography 26(65):3–8 [in Russian].

Artom C. 1905. Osservazioni generali sull’Artemia salina Leach delle saline di Cagliari.
Zoologischer Anzeiger 29(9):284.

Artom C. 1906a. Ricerche sperimentale sul modo di riprodursi dell’Artemia salina Linn. di
Cagliari. Biologisches Zentralblatt 26(1):26–32.

Artom C. 1906b. Osservazioni e raffronto tra le artemie sessuate e le artemie partenogenetiche.
Biologica 1(1):1–4.

Artom C. 1906c. Il numero dei cromosomi e la maturazione dell’uovo dell’ Artemia
partenogenetica di Capodistria e dell’ Artemia sessuata di Cagliari. Biologica 1(2):5–10.

Artom C. 1907a. La variazione dell’Artemia salina di Cagliari sotto l’infusso della salsedine.
Memorie dell’Accademia delle Scienze di Torino, Serie 2 57:221–254.

Artom C. 1907b. Ricerche sperimentalli sulla variazione dell’ Artemia salina Lin. di Cagliari.
Biologica 1(14):247–264.

Artom C. 1908. La maturazione, la fecondazione e i primi stadii di sviluppo dell’uovo dell’ Artemia
salina Lin. di Cagliari. Biologica 1(24):495–515.

Artom C. 1911. La sistematica del genere Artemia in relazione col numero dei cromosomi delle
cellule sessuali e in relazione col numero e colla grandezza delle cellule somatiche. Biologisches
Zentralblatt 31(4):104–108.

Artom C. 1912. Analisi comparativa della sostanza cromatica nelle mitosi di maturazione e nelle
prime mitosi di segmentazione dell’uovo dell’Artemia sessuata di Cagliari (univalens) e
dell’nuovo dell’Artemia partenogenetica di Capodistria (bivalens). Archiv für Zellforschung
7(2):277–295.

Artom C. 1913. Le basi citologiche di una nuova sistematica del genere Artemia. Sulla dipendenza
tra il numero dei cromosomi delle cellule germinative, e la grandezza dei nuclei delle cellule
somatiche dell’Artemia salina univalens di Cagliari, e dell’Artemia salina bivalens di Capo
d’Istria. Archiv für Zellforschung 9(1):87–113.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 48/62

http://dx.doi.org/10.11646/zootaxa.3670.3.5
http://dx.doi.org/10.1007/s10530-004-9634-9
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Artom C. 1921a. Specie micropireniche e macropireniche dei genere Artemia. Ricerche di
Morfologia 2:137–155.

Artom C. 1921b. Dati citologici sul tetraploidismo dell’Artemia salina di Margherita di Savoia
(Puglia). Atti della Reale Accademia Nazionale dei Lincei, Serie 5 30(2):66–69.

Artom C. 1922. Nuovi dati sulla distribuzione geografica e sulla biologia delle due specie
(micropirenica e macropirenica) del genere Artemia. Atti della Reale Accademia Nazionale dei
Lincei 31(2):529–532.

Artom C. 1924. Ancora del tetraploidismo dei maschi dall’Artemia salina di Odessa in relazione
con alcuni problemi generali di genetica. Atti della Reale Accademia Nazionale dei Lincei
33(1):34–36.

Artom C. 1926. Tetraploidismo e Gigantismo. Esame comparativo degli stadi postembrionali
dell’Artemia salina diploide e tetraploide. Internationale Revue der gesamten Hydrobiologie und
Hydrographie 16(1–2):51–80 DOI 10.1002/iroh.19260160103.

Artom C. 1931. L’origine e l’evoluzione della partenogenesi attraverso i differenti biotipi di una
specie collettiva (Artemia salina L.) con speciale riferimento al biotipo diploide partenogenetico
di Sète.Memorie della Reale Accademia d’Italia, Classe di Science Fisiche, Matematiche e Naturali
2, Biologia 1:1–64.

Asem A. 2008. Historical record on brine shrimp Artemiamore than one thousand years ago from
Urmia Lake, Iran. Journal of Biological Research, Thessaloniki 9:113–114.

Asem A, Eimanifar A, Rastegar-Pouyani N, Hontoria F, De Vos S, Van Stappen G, Sun SC.
2020. An overview on the nomenclatural and phylogenetic problems of native Asian brine
shrimps of the genus Artemia Leach, 1819 (Crustacea, Anostraca). ZooKeys 902(2):1–15
DOI 10.3897/zookeys.902.34593.

Asem A, Eimanifar A, Sun SC. 2016. Genetic variation and evolutionary origins of
parthenogenetic Artemia (Crustacea: Anostraca) with different ploidies. Zoologica Scripta
45(4):421–436 DOI 10.1111/zsc.12162.

Asem A, Eimanifar A, Van Stappen G, Sun SC. 2019. The impact of one-decade ecological
disturbance on genetic changes: a study on the brine shrimp Artemia urmiana from Urmia Lake,
Iran. PeerJ 7(10):e7190 DOI 10.7717/peerj.7190.

Asem A, Rastegar-Pouyani N. 2007. Sexual dimorphism in Artemia urmiana Günther, 1899
(Anostraca: Artemiidae) from the Urmia Lake, West Azerbaijan, Iran. Journal of Animal and
Veterinary Advances 6(12):1409–1415.

Asem A, Rastegar-Pouyani N. 2008. Morphological differentiation of Artemia urmiana Günther,
1899 (Crustacea: Anostraca) in different geographical stations from the Urmia Lake-Iran.
Research Journal of Biological Sciences 3(2):222–228.

Asem A, Rastegar-Pouyani N. 2010. Different salinities effect on biometry of nauplii and
meta-nauplii of two Artemia (Crustacea; Anostraca) populations from Urmia Lake basin.
International Journal of Aquatic Science 1(1):10–13.

Asem A, Rastegar-Pouyani N, Agh N. 2007. Biometrical study of Artemia urmiana (Anostraca:
Artemiidae) cysts harvested from Lake Urmia (West Azerbaijan, Iran). Turkish Journal of
Zoology 31:171–180.

Asem A, Rastegar-Pouyani N, De Los Ríos-Escalante P. 2010. The genus Artemia leach, 1819
(Crustacea: Branchiopoda). I. True and false taxonomical descriptions. Latin American Journal
of Aquatic Research 38(3):501–506.

Asem A, Rastegar-Pouyani N, De Los Rios P, Manaffar R, Mohebbi F. 2010. Biometrical
comparison of Artemia urmiana Günther, 1899 (Crustacea: Anostraca) cysts between rainy and

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 49/62

http://dx.doi.org/10.1002/iroh.19260160103
http://dx.doi.org/10.3897/zookeys.902.34593
http://dx.doi.org/10.1111/zsc.12162
http://dx.doi.org/10.7717/peerj.7190
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


drought years (1994–2003/4) from Urmia Lake, Iran. International Journal of Biological and Life
Sciences 6:100–106.

Asem A, Rogers DC. 2012. Clarification of the publication date for Artemia urmiana Günther
(Crustacea: Anostraca): 1890, 1899 or 1900. International Journal of Artemia Biology 2(2):3–6.

Asem A, Sun SC. 2016. Morphological differentiation of seven parthenogenetic Artemia
(Crustacea: Branchiopoda) populations from China, with special emphasis on ploidy degrees.
Microscopy Research and Technique 79(4):258–266 DOI 10.1002/jemt.22625.

Babik W, Branicki W, Crnobrnja-Isailovic J, Cogälniceanu D, Sas I, Olgun K, Poyarkov NA,
García-París M, Arntzen JW. 2005. Phylogeography of two European newt
species–discordance between mtDNA and morphology. Molecular Ecology 14(8):2475–2491
DOI 10.1111/j.1365-294X.2005.02605.x.

Badaracco G, Baratelli L, Ginelli E, Meneveri R, Valsasnimi P, Barigozzi C. 1987. Variations in
repetitive DNA and heterochromatin in the genus Artemia. Chromosoma 95(1):71–75
DOI 10.1007/BF00293844.

Baele G, Lemey P, Bedford T, Rambaut A, Suchard MA, Alekseyenko AV. 2012. Improving the
accuracy of demographic and molecular clock model comparison while accommodating
phylogenetic uncertainty. Molecular Biology and Evolution 29(9):2157–2167
DOI 10.1093/molbev/mss084.

Baratelli L, Barigozzi C. 1990. Chromosome length: a differentiation parameter in the genus
Artemia. Rendiconti Accademia Nazionale dei Lincei, Classe di Scienze Fisiche, Matematiche e
Naturali, serie 9 1(4):459–464 DOI 10.1007/BF03001781.

Barigozzi C. 1934. Diploidismo, tetraploidismo e octoploidismo nell’ Artemia salina
partenogenetica di Margherita di Savoia. Bollettino della Società Italiana di Biologia Sperimentale
9:906–908.

Barigozzi C. 1974. Artemia: a survey of its significance in genetic problems. In: Dobzhansky T,
Hecht MK, Steere WC, eds. Evolutionary Biology. Vol. 7. New York: Plenum Press, 221–252.

Barigozzi C. 1980. Genus Artemia: problems of systematics. In: Persoone G, Sorgeloos P, Roels O,
Jaspers E, eds. The brine shrimp, Artemia. Proceedings of the International Symposium on the
brine shrimp, Artemia salina. Corpus Christi, Texas, U.S.A., August 20–23, 1979, Vol.1—
Morphology, Genetics, Radiobiology, Toxicology. Wetteren: Universa Press, 147–153.

Barigozzi C, Tosi M. 1959.New data on tetraploidy of amphigonic A. salina Leach and on triploids
resulting from crosses between tetraploids and diploids. Convengo di Genetic 29:3–6.

Barigozzi C, Varotto V, Baratelli L, Giarizzo R. 1988. The Artemia of Lake Urmia (Iran): mode of
reproduction and chromosome numbers. Annali della Accademia Nazionale dei Lincei, Classe di
Scienze Fisiche, Matematiche e Naturali, serie 8 81(1987):87–90.

Baxevanis AD, Kappas I, Abatzopoulos TJ. 2006. Molecular phylogenetics and asexuality in the
brine shrimp Artemia. Molecular Phylogenetics and Evolution 40(3):724–738
DOI 10.1016/j.ympev.2006.04.010.

Baxevanis AD, Maniatsi S, Kouroupis D, Marathiotis K, Kappas I, Kaiser H, Abatzopoulos TJ.
2014. Genetic identification of south African Artemia species: invasion, replacement and co-
occurrence. Journal of the Marine Biological Association of the United Kingdom 94(4):775–785
DOI 10.1017/S0025315414000083.

Baxevanis AD, Triantaphyllidis GV, Kappas I, Triantafyllidis A, Triantaphyllidis CD,
Abatzopoulos TJ. 2005. Evolutionary assessment of Artemia tibetiana (Crustacea, Anostraca)
based on morphometry and 16s rRNA RFLP analysis. Journal of Zoological Systematics and
Evolutionary Research 43(3):189–198 DOI 10.1111/j.1439-0469.2005.00309.x.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 50/62

http://dx.doi.org/10.1002/jemt.22625
http://dx.doi.org/10.1111/j.1365-294X.2005.02605.x
http://dx.doi.org/10.1007/BF00293844
http://dx.doi.org/10.1093/molbev/mss084
http://dx.doi.org/10.1007/BF03001781
http://dx.doi.org/10.1016/j.ympev.2006.04.010
http://dx.doi.org/10.1017/S0025315414000083
http://dx.doi.org/10.1111/j.1439-0469.2005.00309.x
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Belk D, Bowen ST. 1990. Artemia franciscana Kellogg, 1906 (Crustacea, Branchiopoda): proposed
conservation of the specific name. Bulletin of Zoological Nomenclature 47:178–183
DOI 10.5962/bhl.part.2706.

Belk D, Brtek J. 1995. Checklist of the Anostraca. Hydrobiologia 298(1–3):315–353
DOI 10.1007/BF00033826.

Bernt M, Donath A, Jühling F, Externbrink F, Florentz C, Fritzsch G, Pütz J, Middendorf M,
Stadler PF. 2012. MITOS: improved de novo metazoan mitochondrial genome annotation.
Molecular Phylogenetics and Evolution 69(2):313–319 DOI 10.1016/j.ympev.2012.08.023.

Bond RM. 1934. Report on Phyllopod Crustacea (Anostraca, Notostraca and Conchostraca)
including a revision of the Anostraca of the Indian Empire.Memoirs of the Connecticut Academy
of Arts and Science 10:29–62.

Botnariuc N, Orghidan T. 1953. Phyllopoda. Fauna Republici Populare Romane, Crustacea. Vol. 4.
Bucharest: Editura Academiei Republicii Populare Romane, 1–99.

Bowen ST, Fogarino EA, Hitchner KN, Dana G, Chow VH, Buoncristiani MR, Carl JR. 1985.
Ecological isolation in Artemia: population differences in tolerance of anion concentrations.
Journal of Crustacean Biology 5(1):106–129 DOI 10.2307/1548224.

Bowen ST, Sterling G. 1978. Esterase and malate dehydrogenase isozyme polymorphisms in 15
Artemia populations. Comparative Biochemistry and Physiology, B 61(4):593–595
DOI 10.1016/0305-0491(78)90055-X.

Brendonck L, Belk D. 1997. On potentials and relevance of the use of copulatory structures in
anostracan taxonomy. Hydrobiologia 359(1/3):83–92 DOI 10.1023/A:1003125812020.

Browne RA, Bowen ST. 1991. Taxonomy and population genetics of Artemia. In: Browne RA,
Sorgeloos P, Trotman CNA, eds. Artemia Biology. Boca Raton: CRC Press, 221–236.

Cai Y. 1989a. New Artemia sibling species from PR China. Artemia Newsletter 11(1998):40–41.

Cai Y. 1989b. A redescription of the brine shrimp (Artemia sinica). Wasmann Journal of Biology
47:105–110.

Castresana J. 2000. Selection of conserved blocks from multiple alignments for their use in
phylogenetic analysis. Molecular Biology and Evolution 17(4):540–552
DOI 10.1093/oxfordjournals.molbev.a026334.

Castro Mejía J, Eimanifar A, Mejía GC, Muñiz NFA. 2013. Morphometric comparison of two
bisexual species of Artemia: Artemia franciscana Kellogg, 1906 from Mexico and Artemia
urmiana Günther, 1899 from Lake Urmia. International Journal of Aquatic Science 4(1):13–23.

Chaplin JA, Hebert PDN. 1997. Cyprinotus incongruens (Ostracoda): an ancient asexual?
Molecular Ecology 6(2):155–168 DOI 10.1046/j.1365-294X.1997.00168.x.

Clark LS, Bowen ST. 1976. The genetics of Artemia salina. VII. Reproductive isolation. Journal of
Heredity 67:385–388.

Cohen RG, Amat F, Hontoria F, Navarro JC. 1999. Preliminary characterization of some
Argentinean Artemia populations from La Pampa and Buenos Aires provinces. International
Journal of Salt Lake Research 8:329–340.

Cohen RG, Rodríguez Gil SG, Vélez CG. 1999. The post-embryonic development of Artemia
persimilis Piccinelli & Prosdocimi. Hydrobiologia 391(1/3):63–80
DOI 10.1023/A:1003567401697.

Colihueque N, Gajardo G. 1996. Chromosomal analysis in Artemia populations from South
America. Cytobios 88(354):141–148.

Conte FP, Jellison RS, Starrett GL. 1988.Nearshore and pelagic abundances of Artemia monica in
Mono Lake, California. Hydrobiologia 158(1):173–181 DOI 10.1007/BF00026275.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 51/62

http://dx.doi.org/10.5962/bhl.part.2706
http://dx.doi.org/10.1007/BF00033826
http://dx.doi.org/10.1016/j.ympev.2012.08.023
http://dx.doi.org/10.2307/1548224
http://dx.doi.org/10.1016/0305-0491(78)90055-X
http://dx.doi.org/10.1023/A:1003125812020
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026334
http://dx.doi.org/10.1046/j.1365-294X.1997.00168.x
http://dx.doi.org/10.1023/A:1003567401697
http://dx.doi.org/10.1007/BF00026275
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Crease TJ. 1999. The complete sequence of the mitochondrial genome of Daphnia pulex
(Cladocera: Crustacea). Gene 233(1–2):89–99 DOI 10.1016/S0378-1119(99)00151-1.

Cunha C, Doadrio I, Coelho MM. 2008. Speciation towards tetraploidization after intermediate
processes of non-sexual reproduction. Philosophical Transactions of the Royal Society B:
Biological Sciences 363(1505):2921–2929 DOI 10.1098/rstb.2008.0048.

Daday de Deés E. 1910. Monographie Systématique des Phyllopodes Anostracés. Annales des
Sciences Naturalles, 9ème série, Zoologie 11:91–489.

Dakin WJ. 1914. Fauna of Western Australia II. The Phyllopoda of Western Australia.
In: Proceedings of the Zoological Society of London. 293–305.

Dana GL, Jellison R, Melack JM. 1990. Artemia monica cyst production and recruitment in Mono
Lake, California, USA. In: Saline Lakes, Dordrecht: Springer, 233–243.

Dana GL, Jellison R, Melack JM. 1995. Effects of different natural regimes of temperature and
food on survival, growth and development of Artemia monica Verrill. Journal of Plankton
Research 17(11):2117–2130 DOI 10.1093/plankt/17.11.2117.

Dana GL, Jellison R, Melack JM, Starrett GL. 1993. Relationships between Artemia monica life
history characteristics and salinity. Hydrobiologia 263(3):129–143 DOI 10.1007/BF00006264.

Dana GL, Lenz PH. 1986. Effects of increasing salinity on an Artemia population fromMono Lake.
California Oecologia 68(3):428–436 DOI 10.1007/BF01036751.

De Carvalho MR, Bockmann FA, Amorim DS, De Vivo M, De Toledo-Piza M, Menezes NA,
De Figueiredo JL, Castro RMC, Gill AC, McEachran JD, Compagno LJV, Schelly RC,
Britz R, Lundberg JG, Vari RP, Nelson G. 2005. Revisiting the taxonomic impediment. Science
307(5708):353b DOI 10.1126/science.307.5708.353b.

De Los Ríos P, Asem A. 2008. Comparison of the diameter of the frontal knobs in Artemia
urmiana Günther, 1899 (Anostraca). Crustaceana 81(11):1281–1288.

De Los Ríos P, Zúñiga O. 2000. Comparación biométrica del lóbulo frontal en poblaciones
americanas de Artemia (Anostraca, Artemiidae). Revista Chilena de Historia Natural
73(1):31–38.

Desmarest AG. 1823. Malacostracés, Malacostraca. (Crust.). In: Cuvier F, ed. Dictionnaire des
Sciences Naturelles, dans lequel on trait Méthodiquement des Différens étres de la Nature,
considérés soit en eux-mêmes, d’après l’état actuel de nos connoissances, soit relativement a l’utilité
qu’en peuvent retirer la Médecine, l’Agriculture, le Commerce et les Arts. Suivi d’une biographie
des plus Célèbres Naturalistes. Ouvrage destiné aux médecins, aux agriculteurs, aux commerçans,
aux artistes, aux manufacturiers, et à tous ceux qui ont intérêt à connoître les productions de la
nature, leurs caractères génériques et spécifiques, leur lieu natal, leurs propiétés et leurs usages; vol.
XXVIII. Strasbourg et Paris: FG Levrault et Le Normant.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis by sampling trees.
BMC Evolutionary Biology 7(1):214 DOI 10.1186/1471-2148-7-214.

Drummond AJ, Suchard MA, Xie D, Rambaut A. 2012. Bayesian phylogenetics with BEAUti and
the BEAST 1.7.Molecular Biology and Evolution 29(8):1969–1973 DOI 10.1093/molbev/mss075.

Dubois A. 2003. The relationships between taxonomy and conservation biology in the century of
extinctions. Comptes Rendus Biologie 326(4):9–21 DOI 10.1016/S1631-0691(03)00022-2.

Ebach MC, Valdecasas AG, Wheeler QD. 2011. Impediments to taxonomy and users of
taxonomy: accessibility and impact evaluation. Cladistics 27(5):550–557
DOI 10.1111/j.1096-0031.2011.00348.x.

Eimanifar A. 2014. Molecular phylogeography and population genetics of the brine shrimp
Artemia (Crustacea, Branchiopoda, Anostraca). Doctoral dissertation, Ruperto-Carola
University of Heidelberg, Germany, 151.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 52/62

http://dx.doi.org/10.1016/S0378-1119(99)00151-1
http://dx.doi.org/10.1098/rstb.2008.0048
http://dx.doi.org/10.1093/plankt/17.11.2117
http://dx.doi.org/10.1007/BF00006264
http://dx.doi.org/10.1007/BF01036751
http://dx.doi.org/10.1126/science.307.5708.353b
http://dx.doi.org/10.1186/1471-2148-7-214
http://dx.doi.org/10.1093/molbev/mss075
http://dx.doi.org/10.1016/S1631-0691(03)00022-2
http://dx.doi.org/10.1111/j.1096-0031.2011.00348.x
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Eimanifar A, Asem A, Djamali M, Wink M. 2016. A note on the biogeographical origin of the
brine shrimp Artemia urmiana Günther, 1899 from Urmia Lake, Iran. Zootaxa
4097(2):294–300 DOI 10.11646/zootaxa.4097.2.12.

Eimanifar A, Rezvani S, Carapetian J. 2006. Genetic differentiation of Artemia urmiana from
various ecological populations of Urmia Lake assessed by PCR amplified RFLP analysis. Journal
of Experimental Marine Biology and Ecology 333(2):275–285 DOI 10.1016/j.jembe.2006.01.002.

Eimanifar A, Van Stappen G, Marden B, Wink W. 2014. Artemia biodiversity in Asia with the
focus on the phylogeography of the introduced American species Artemia franciscana Kellogg,
1960. Molecular Phylogenetics and Evolution 79:392–403 DOI 10.1016/j.ympev.2014.06.027.

Eimanifar A, Van Stappen G, Wink M. 2015. Geographical distribution and evolutionary
divergence times of Asian populations of the brine shrimp Artemia (Crustacea, Anostraca).
Zoological Journal of Linnean Society 174(3):447–458 DOI 10.1111/zoj.12242.

Eimanifar A, Wink W. 2013. Fine-scale population genetic structure in Artemia urmiana
(Günther, 1890) based on mtDNA sequences and ISSR genomic fingerprinting. Organisms,
Diversity and Evolution 13(4):531–543 DOI 10.1007/s13127-013-0135-5.

Entz G. 1886. Az erdély sósvizekben élő Artemiákról. Orvos-Természettudományi Értesítő
8(2):101–113.

Fabricius JC. 1775. Systema entomologiae. Sistens Insectorum classes, ordines, genera, species etc.
Illinois: Korte, Flesburgi et Lipsiae, 1–832.

Fan YP, Lu B, Yang JS. 2016. The complete mitogenome of the fairy shrimp Phallocryptus
tserensodomi (Crustacea: Anostraca: Thamnocephalidae).Mitochondrial DNA 27(5):3113–3114
DOI 10.3109/19401736.2015.1007290.

Fischer de Waldheim G. 1834. Notice sur une nouvelle espèce de Branchipus de Latreille. Bulletin
de la Société Impériale des Naturalistes de Moscou 7:452–461.

Fischer S. 1851. Branchiopoden und Entomostracen. In: Von Middendorff AT, ed. Reise in den
Äussersten Norden und Osten Sibiriens. II. Zoologie. 1. Wirbellose Thiere. St. Petersburg:
Wissenschaften.

Frauenfeld G. 1873. Zoologische Miscellen. Verhandlungen der kaiserlich-kongiglichen Zoologisch-
botanischen Gesellschaft in Wien 23:183–192.

Fujita MK, Leaché AD, Burbrink FT, McGuire JA, Moritz C. 2012. Coalescent-based species
delimitation in an integrative taxonomy. Trends in Ecology & Evolution 27(9):480–488
DOI 10.1016/j.tree.2012.04.012.

Gajardo G, Beardmore JA. 1993. Electrophoretic evidence suggests that the Artemia found in the
Salar de Atacama, Chile, is A. franciscana Kellogg. Hydrobiologia 257(2):65–71
DOI 10.1007/BF00005947.

Gajardo G, Colihueque N, Parraguez M, Sorgeloos P. 1998. International Study on Artemia.
LVIII. Morphological differentiation and reproductive isolation of Artemia populations from
South America. International Journal of Salt Lake Research 7:133–151.

Gajardo G, Da Conceiçao M, Weber L, Beardmore JA. 1995. Genetic variability and
interpopulational differentiation of Artemia strains from South America. Hydrobiologia
302(1):21–29 DOI 10.1007/BF00006396.

Gajardo G, Crespo J, Triantafyllidis A, Tzika A, Baxevanis AD, Kappas I, Abatzopoulos TJ.
2004. Species identification of Chilean Artemia populations based on mitochondrial DNA RFLP
analysis. Journal of Biogeography 31(4):547–555 DOI 10.1111/j.1365-2699.2003.01046.x.

García-París M, Alcobendas M, Buckley D, Wake DB. 2003. Dispersal of viviparity via
hybridization in Salamandra as inferred from nuclear and mitochondrial DNA phylogenetic
discordances. Evolution 57(1):129–143 DOI 10.1111/j.0014-3820.2003.tb00221.x.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 53/62

http://dx.doi.org/10.11646/zootaxa.4097.2.12
http://dx.doi.org/10.1016/j.jembe.2006.01.002
http://dx.doi.org/10.1016/j.ympev.2014.06.027
http://dx.doi.org/10.1111/zoj.12242
http://dx.doi.org/10.1007/s13127-013-0135-5
http://dx.doi.org/10.3109/19401736.2015.1007290
http://dx.doi.org/10.1016/j.tree.2012.04.012
http://dx.doi.org/10.1007/BF00005947
http://dx.doi.org/10.1007/BF00006396
http://dx.doi.org/10.1111/j.1365-2699.2003.01046.x
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00221.x
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Garnett ST, Christidis L. 2007. Implications of changing species definitions for conservation
purposes. Bird Conservation International 17(3):187–195 DOI 10.1017/S0959270907000809.

Gilchrist BM. 1960. Growth and form of the brine shrimp Artemia salina (L.). Proceedings of the
Zoologal Society of London 134(2):221–235 DOI 10.1111/j.1469-7998.1960.tb05590.x.

Glez-Peña D, Gómez-Blanco D, Reboiro-Jato M, Fdez-Riverola F, Posada D. 2010. ALTER:
program-oriented format conversion of DNA and protein alignments. Nucleic Acids Research
38(2):14–18 DOI 10.1093/nar/gkq321.

Grochowski M. 1896. Ueber eine neue, im Süsswasser lebende Species von Artemia.
Verhandllungen der Kaiserlich-Königlichen Zoologisch-Botanischen Gesellschaft in Wien
45:95–101.

Gross F. 1932. Untersuchungen über die Polyploidie und die Variabilität bei Artemia salina.
Naturwissenschaften 20(51):962–967 DOI 10.1007/BF01504723.

Grube AE. 1853. Bemerkungen über die Phyllopoden, nebst einer Uebersicht ihrer Gattungen und
Arten. Archiv für Naturgeschichte 19:71–172.

Grube AE. 1874. Über die Fortschritte in der Kenntniss der Phyllopoden (i. e. S.) in den letzen 2
Decennien. Jahres-Bericht der Schlesischen Gesellschaft für Vaterländische Cultur 52:54–57.

Günther RT. 1899. Contributions to the Natural History of Lake Urmi, N.W. Persia, and its
Neighbourhood. Journal of the Linnean Society, Zoology 27(177):345–453
DOI 10.1111/j.1096-3642.1899.tb00414.x.

Halfer-Cervini AM, Piccinelli M, Prosdocimi T. 1967. Fenomeni di isolamento genetico in
Artemia salina. Atti dell’ Associazione di Genetica Italiana 12:312–327.

Halfer-Cervini AM, Piccinelli M, Prosdocimi T, Baratelli-Zambruni L. 1968. Sibling species in
Artemia (Crustacea: Branchiopoda). Evolution 22(2):373–381
DOI 10.1111/j.1558-5646.1968.tb05904.x.

Hebert PD, Remigio EA, Colbourne JK, Taylor DJ, Wilson CC. 2002. Accelerated molecular
evolution in halophilic crustaceans. Evolution 56(5):909–926
DOI 10.1111/j.0014-3820.2002.tb01404.x.

Hipsley CA, Müller J. 2014. Beyond fossil calibrations: realities of molecular clock practices in
evolutionary biology. Frontiers in Genetics 5:138 DOI 10.3389/fgene.2014.00138.

Ho SY, Tong KJ, Foster CS, Ritchie AM, Lo N, Crisp MD. 2015. Biogeographic calibrations for
the molecular clock. Biology Letters 11(9):20150194 DOI 10.1098/rsbl.2015.0194.

Hontoria F, Amat F. 1992a. Morphological characterization of adult Artemia (Crustacea,
Branchiopoda) from different geographical origin. American populations. Journal of Plankton
Research 14(10):1461–1471 DOI 10.1093/plankt/14.10.1461.

Hontoria F, Amat F. 1992b. Morphological characterization of adult Artemia (Crustacea,
Branchiopoda) from different geographical origin. Mediterranean populations. Journal of
Plankton Research 14(7):949–959 DOI 10.1093/plankt/14.7.949.

Hou L, Bi X, Zou X, He C, Yang L, Qu R, Liu Z. 2006.Molecular systematics of bisexual Artemia
populations. Aquaculture Research 37(7):671–680 DOI 10.1111/j.1365-2109.2006.01480.x.

Hurst LD, Peck JR. 1996. Recent advances in understanding of the evolution and maintenance of
sex. Trends in Ecology and Evolution 11(2):46–52 DOI 10.1016/0169-5347(96)81041-X.

International Commission on Zoological Nomenclature. 1985. Opinion 1301. Artemia Leach,
1819 (Crustacea, Branchiopoda). Bulletin of Zoological Nomenclature 42:134–136.

International Commission on Zoological Nomenclature. 1993. Opinion 1704. Artemia
franciscana Kellogg, 1906 (Crustacea, Branchiopoda): specific name conserved. Bulletin of
Zoological Nomenclature 50:68–69.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 54/62

http://dx.doi.org/10.1017/S0959270907000809
http://dx.doi.org/10.1111/j.1469-7998.1960.tb05590.x
http://dx.doi.org/10.1093/nar/gkq321
http://dx.doi.org/10.1007/BF01504723
http://dx.doi.org/10.1111/j.1096-3642.1899.tb00414.x
http://dx.doi.org/10.1111/j.1558-5646.1968.tb05904.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01404.x
http://dx.doi.org/10.3389/fgene.2014.00138
http://dx.doi.org/10.1098/rsbl.2015.0194
http://dx.doi.org/10.1093/plankt/14.10.1461
http://dx.doi.org/10.1093/plankt/14.7.949
http://dx.doi.org/10.1111/j.1365-2109.2006.01480.x
http://dx.doi.org/10.1016/0169-5347(96)81041-X
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


International Commission on Zoological Nomenclature. 1999. International Code of Zoological
Nomenclature. Fourth Edition. London: The International Trust for Zoological Nomenclature,
c/o Natural History Museum.

Kappas I, Baxevanis AD, Abatzopoulos TJ. 2011. Phylogeographic patterns in Artemia: a model
organism for hypersaline crustaceans. Phylogeography and Population Genetics in Crustacea
19:231–253.

Kappas I, Baxevanis AD, Maniatsi S, Abatzopoulos TJ. 2009. Porous genomes and species
integrity in the branchiopod Artemia. Molecular Phylogenetics and Evolution 52(1):192–204
DOI 10.1016/j.ympev.2009.03.012.

Kass RE, Raftery AE. 1995. Bayes factors. Journal of the American Statistical Association
90(430):773–795 DOI 10.1080/01621459.1995.10476572.

Katoh K, Kuma KI, Miyata T, Toh H. 2005. Improvement in the accuracy of multiple sequence
alignment program MAFFT. Genome Informatics 16(1):22–33.

Katoh K, Rozewicki J, Yamada KD. 2017. MAFFT online service: multiple sequence alignment,
interactive sequence choice and visualization. Briefings in Bioinformatics 20(4):1160–1166
DOI 10.1093/bib/bbx108.

Katoh K, Toh H. 2008. Recent developments in the MAFFT multiple sequence alignment
program. Briefings in Bioinformatics 9(4):286–298 DOI 10.1093/bib/bbn013.

Kellogg VL. 1906. A new Artemia and its life conditions. Science 24(619):594–596
DOI 10.1126/science.24.619.594-b.

Khomenko SV, Shadrin NV. 2009. Iranian endemic Artemia urmiana in hypersaline Lake
Koyashskoe (Crimea, Ukraine): a preliminary discussion of introduction by birds. Branta,
Transaction of Azov-Black Sea Ornithological Station 12:81–91.

King RL. 1855. On Australian Entomostracans. Proceedings of the Royal Society of Van Diemen’s
Land 3(1):56–75.

King RL. 1866. On the anatomy of certain forms of Australian Entomostraca. Transactions of the
Entomological Society of New South Wales 1:162–166.

Knowlton N, Weight LA. 1998. New dates and new rates for divergence across the Isthmus of
Panama. Proceedings of the Royal Society of London B 265(1412):2257–2263
DOI 10.1098/rspb.1998.0568.

Kodandaramaiah U. 2011. Tectonic calibrations in molecular dating. Current Zoology
57(1):116–124 DOI 10.1093/czoolo/57.1.116.

Kulczycki W. 1885.Materialien zur Monographie der Phyllopoden Branchipodidae (Materyaly do
monografii skorupiaków liścionogich). Kosmos, Lemberg 11:588–599.

Lamarck JBM de. 1818. Histoire naturelle des animaux sans vertèbres présentant les caractères
généraux et particuliers de ces animaux, leur distribution, leurs classes, leurs familles, leurs genres,
et la citation des principales espèces qui s’y rapportent; précédée d’une introduction offrant la
détermination des caractères essentiels de l’animal, sa distinction du végétal et des autres corps
naturels, enfin, l’exposition des principes fondamentaux de la Zoologie. Vol. 5. Paris: Déterville &
Verdière.

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B. 2017. PartitionFinder 2: new methods
for selecting partitioned models of evolution for molecular and morphological phylogenetic
analyses. Molecular Biology and Evolution 34(3):772–773.

Latreille PA. 1816. Les Crustacés, les Arachnides et les Insectes. In: Cuvier G, ed. Le Règne Animal
distribué d’après son organisation, por servir de base à l’Histoire Naturelle des animaux et
d’introduction à l’Anatomie comparée. Vol. 3. Paris: Déterville, 653.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 55/62

http://dx.doi.org/10.1016/j.ympev.2009.03.012
http://dx.doi.org/10.1080/01621459.1995.10476572
http://dx.doi.org/10.1093/bib/bbx108
http://dx.doi.org/10.1093/bib/bbn013
http://dx.doi.org/10.1126/science.24.619.594-b
http://dx.doi.org/10.1098/rspb.1998.0568
http://dx.doi.org/10.1093/czoolo/57.1.116
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Leach WE. 1819. Entomostracés. In: Dictionnaire des Sciences Naturelles, dans lequel on traite
méthodiquement des différens êtres de la nature, considérés soit en eux-mêmes, d’après l’état
actuel de nos connoissances, soit relativement a l’utilité qu’en peuvent retirer la médecine,
l’agriculture, le commerce et les artes. Suivi d’une biographie des plus célèbres naturalistes. Tome
quatorzième. XIVParis: Levrault.

Leigh JW, Bryant D. 2015. POPART: full-feature software for haplotype network construction.
Methods in Ecology and Evolution 6(9):1110–1116 DOI 10.1111/2041-210X.12410.

Lenz PH. 1980. Ecology of an alkali-adapted variety of Artemia from Mono Lake, California, USA.
The brine shrimp. Artemia 3:79–96.

Lenz PH. 1984. Life-history analysis of an Artemia population in a changing environment. Journal
of Plankton Research 6(6):967–983 DOI 10.1093/plankt/6.6.967.

Liévin. 1856. Branchipus oudneyi, der Fezzan-Wurm oder Dud, Baird’s Artemia oudneyi. Neueste
Schriften der Naturforschenden Gesellschaft in Danzig 5–6(1856–1862):1–10.

Linder F. 1941. Contributions to the morphology and the taxonomy of the Branchiopoda
Anostraca. Zoologiska Bidrag från Uppsala 20:101–303.

Lindholm M, D’Auriac MA, Thaulow J, Hobaek A. 2016. Dancing around the pole: holarctic
phylogeography of the Arctic fairy shrimp Branchinecta paludosa (Anostraca, Branchiopoda).
Hydrobiologia 772(1):189–205 DOI 10.1007/s10750-016-2660-7.

Linnaeus C. 1758. Systema Naturae per Regna tria Naturae, secundum Classes, Ordines, Genera,
Species, cum characteribus, differentiis, synonymis, locis. Ed. X. Vol. 1. London: Natural History
Museum, 824.

Lipscomb D, Platnick N, Wheeler Q. 2003. The intellectual content of taxonomy: a comment on
DNA taxonomy. Trends in Ecology & Evolution 18(2):65–66
DOI 10.1016/S0169-5347(02)00060-5.

Liu XC, Li HW, Jermank U, Yang JS. 2015. The complete mitogenome of the freshwater fairy
shrimp Streptocephalus sirindhornae (Crustacea: Anostraca: Streptocephalidar). Mitochondrial
DNA 27:1–3 DOI 10.3109/19401736.2014.971299.

Lockington W. 1876. A new phyllopodous crustacean. Monthly Microscopical Journal:
Transactions of the Royal Microscopical Society, and Record of Histological Research at Home and
Abroad 15:137.

Luchetti A, Forni G, Skaist AM, Wheelan SJ, Mantovani B. 2019. Mitochondrial genome
diversity and evolution in Branchiopoda (Crustacea). Zoological Letters 5:1–13.

Maccari M, Amat F, Gómez A. 2013. Origin and genetic diversity of diploid parthenogenetic
Artemia in Eurasia. PLOS ONE 8(12):e83348.

Maccari M, Gómez A, Hontoria F, Amat F. 2013. Functional rare males in diploid
parthenogenetic Artemia. Journal of Evolutionary Biology 26(9):1934–1948
DOI 10.1111/jeb.12191.

Maccari M, Amat F, Hontoria F, Gómez A. 2014. Laboratory generation of new Artemia
parthenogenetic lineages through contagious parthenogenesis. PeerJ 2:e333v1.

MacDonald GH, Browne RA. 1987. Inheritance and reproductive role of rare males in a
parthenogenetic population of the brine shrimp, Artemia parthenogenetica. Genetica
75(1):47–53 DOI 10.1007/BF00056032.

Mace GM. 2004. The role of taxonomy in species conservation. Philosophical Transactions of the
Royal Society of London. Series B: Biological Sciences 359(1444):711–719
DOI 10.1098/rstb.2003.1454.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 56/62

http://dx.doi.org/10.1111/2041-210X.12410
http://dx.doi.org/10.1093/plankt/6.6.967
http://dx.doi.org/10.1007/s10750-016-2660-7
http://dx.doi.org/10.1016/S0169-5347(02)00060-5
http://dx.doi.org/10.3109/19401736.2014.971299
http://dx.doi.org/10.1111/jeb.12191
http://dx.doi.org/10.1007/BF00056032
http://dx.doi.org/10.1098/rstb.2003.1454
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Magallón S. 2004. Dating lineages: molecular and paleontological approaches to the temporal
framework of clades. International Journal of Plant Sciences 165(S4):S7–S21
DOI 10.1086/383336.

Maniatsi S, Baxevanis AD, Kappas I, Deligiannidis P, Triantafyllidis A, Papakostas S,
Bougiouklis D, Abatzopoulos TJ. 2011. Is polyploidy a persevering accident or an adaptive
evolutionary pattern? The case of the brine shrimp Artemia. Molecular Phylogenetics and
Evolution 58(2):353–364 DOI 10.1016/j.ympev.2010.11.029.

Maniatsi S, Kappas I, Baxevanis AD, Farmaki T, Abatzopoulos TJ. 2009. Sharp phylogeographic
breaks and patterns of genealogical concordance in the brine shrimp Artemia franciscana.
International Journal of Molecular Sciences 10(12):5455–5470 DOI 10.3390/ijms10125455.

Manzi V, Lugli S, Roveri M, Dela Pierre F, Gennari R, Lozar F, Natalicchio M, Schreiber BC,
Taviani M, Turco E. 2016. The Messinian salinity crisis in Cyprus: a further step towards a new
stratigraphic framework for Eastern Mediterranean. Basin Research 28(2):207–236
DOI 10.1111/bre.12107.

Mark Welch D, Meselson M. 2000. Evidence for the evolution of bdelloid rotifers without sexual
reproduction or genetic exchange. Science 288(5469):1211–1215
DOI 10.1126/science.288.5469.1211.

Mayer RJ. 2002. Morphology and biometry of three populations of Artemia (Branchiopoda:
Anostraca) from the Dominican Republic and Puerto Rico. Hydrobiologia 486(1):29–38
DOI 10.1023/A:1021369911713.

Mayr E. 2001. What evolution is. New York: Basic Books.

McMaster K, Savage A, Finston T, Johnson MS, Knott B. 2007. The recent spread of Artemia
parthenogenetica in Western Australia. Hydrobiologia 576(1):39–48
DOI 10.1007/s10750-006-0291-0.

Miller MA, Pfeiffer W, Schwartz T. 2011. The CIPRES science gateway: a community resource for
phylogenetic analyses. In: Proceedings of the 2011 TeraGrid Conference: Extreme Digital
Discovery (TeraGrid’11), Salt Lake City (Utah). 1–8.

Milne-Edwards M. 1840. Histoire naturelle des Crustacés, comprenant l’anatomie, la physiologie et
la classification de ces animaux, Tome 3. Paris: Fain et Thunot, 351–371.

Minelli A. 2003. The status of taxonomic literature. Trends in Ecology & Evolution 18(2):75–76
DOI 10.1016/S0169-5347(02)00051-4.

Muñoz J, Amat F, Green AJ, Figuerola J, Gómez A. 2013. Bird migratory flyways influence the
phylogeography of the invasive brine shrimp Artemia franciscana in its native American range.
PeerJ 1(Pt 5):e200 DOI 10.7717/peerj.200.

Muñoz J, Gómez A, Green AJ, Figuerola J, Amat F, Rico C. 2008. Phylogeography and local
endemism of the native Mediterranean brine shrimp Artemia salina (Branchiopoda: Anostraca).
Molecular Ecology 17(13):3160–3177 DOI 10.1111/j.1365-294X.2008.03818.x.

Muñoz J, Pacios F. 2010. Global biodiversity and geographical distribution of diapausing aquatic
invertebrates: the case of the cosmopolitan brine shrimp Artemia (Branchiopoda: Anostraca).
Crustaceana 83(4):465–480 DOI 10.1163/001121610X489449.

Muñoz J, Gómez A, Figuerola J, Amat F, Rico C, Green AJ. 2014. Colonization and dispersal
patterns of the invasive American brine shrimp Artemia franciscana (Branchiopoda: Anostraca)
in the Mediterranean region. Hydrobiologia 726:25–41.

Mura G. 1990. Artemia salina (Linnaeus 1758) from Lymington, England: frontal knob
morphology by scanning electron microscopy. Journal of Crustacean Biology 10(2):364–368
DOI 10.2307/1548493.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 57/62

http://dx.doi.org/10.1086/383336
http://dx.doi.org/10.1016/j.ympev.2010.11.029
http://dx.doi.org/10.3390/ijms10125455
http://dx.doi.org/10.1111/bre.12107
http://dx.doi.org/10.1126/science.288.5469.1211
http://dx.doi.org/10.1023/A:1021369911713
http://dx.doi.org/10.1007/s10750-006-0291-0
http://dx.doi.org/10.1016/S0169-5347(02)00051-4
http://dx.doi.org/10.7717/peerj.200
http://dx.doi.org/10.1111/j.1365-294X.2008.03818.x
http://dx.doi.org/10.1163/001121610X489449
http://dx.doi.org/10.2307/1548493
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Mura G, Brecciaroli B. 2004. Use of morphological characters for species separation within the
genus Artemia (Crustacea, Branchiopoda). Hydrobiologia 520(1–3):179–188
DOI 10.1023/B:HYDR.0000027721.85736.05.

Mura G, Del Caldo L. 1992. Scanning electron microscopic observations on the molar surface of
mandibles in species of Artemia (Anostraca). Crustaceana 62(2):193–200
DOI 10.1163/156854092X00181.

Mura G, Del Caldo L, Fanfani A. 1989. Sibling species of Artemia: a light and electron microscopic
survey of the morphology of the frontal knobs. Part. I. Journal of Crustacean Biology
9(3):414–419 DOI 10.2307/1548565.

Mura G, Fanfani A, Del Caldo L. 1989. Sibling species of Artemia: a light and electron microscopic
survey of the morphology of the frontal knobs. Part. II. Journal of Crustacean Biology
9(3):420–424 DOI 10.2307/1548566.

Mura G, Nagorskaya L. 2005. Notes on the distribution of the genus Artemia in the former USSR
countries (Russia and adjacent regions). Journal of Biological Research 4:139–150.

Naceur HB, Jenhani ABR, Romdhane MS. 2012. Impacts of salinity, temperature, and pH on the
morphology of Artemia salina (Branchiopoda: Anostraca) from Tunisia. Zoological Studies
51(4):453–462.

Naceur HB, Jenhani ABR, Romdhane MS. 2013.Morphometric characterization of adult Artemia
(Crustacea: Branchiopoda) populations from costal and inland Tunisian salt lakes. African
Invertebrates 54(2):543–555 DOI 10.5733/afin.054.0214.

Naganawa H, Mura G. 2017. Two new cryptic species of Artemia (Branchiopoda, Anostraca) from
Mongolia and the possibility of invasion and disturbance by the aquaculture industry in East
Asia. Crustaceana 90(14):1679–1698 DOI 10.1163/15685403-00003744.

Naihong X, Audenaert E, Vanoverbeke J, Brendonck L, Sorgeloos P, De Meester L. 2000. Low
among-population genetic differentiation in Chinese bisexual Artemia populations. Heredity
84(2):238–243 DOI 10.1046/j.1365-2540.2000.00664.x.

Nei M. 1972. Genetic distance between populations. American Naturalist 106(949):283–292
DOI 10.1086/282771.

Padial JM, Miralles A, De la Riva I, Vences M. 2010. The integrative future of taxonomy. Frontiers
in Zoology 7(1):1–14 DOI 10.1186/1742-9994-7-16.

Perez ML, Valverde JR, Batuecas B, Amat F, Marco R, Garesse R. 1994. Speciation in the Artemia
genus: mitochondrial DNA analysis of bisexual and parthenogenetic brine shrimps. Journal of
Molecular Evolution 38(2):156–168 DOI 10.1007/BF00166162.

Perrier R. 1929. Entomostracés. In: La faune de la France en tableux synoptiques illustrés. Fasc. 2,
Arachnides et Crustacés, Paris: Delagrave, 105–108.

Piccinelli M, Prosdocimi T. 1968. Descrizione tassonomica delle due specie Artemia salina L. e
Artemia persimilis n. sp. Istituto Lombardo. Accademia di Scienze e Lettere. Rendiconti Scienze
Biologiche e Mediche, B 102:113–118.

Piccinelli M, Prosdocimi T, Baratelli Zambruni L. 1968. Ulteriori ricerche sull’isolamento
genetico nel génère Artemia. Atti dell’Associazione di Genetica Italiana 13:170–179.

Pilla EJ, Beardmore JA. 1994. Genetic and morphometric differentiation in Old World bisexual
species of Artemia (the brine shrimp). Heredity 73(1):47–56 DOI 10.1038/hdy.1994.97.

Qian Y, Zhang Q, Yang C-Z, Cai X-L, Fan Y, Wang G-X. 1992. Description of three new species
of the genus Artemia in Xinjiang, China. Journal of August 1st Agriculture College 15(1):41–47.

Radde G, Walter A. 1889. Die Vögel Transcaspiens. Ornis 5:1–128.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 58/62

http://dx.doi.org/10.1023/B:HYDR.0000027721.85736.05
http://dx.doi.org/10.1163/156854092X00181
http://dx.doi.org/10.2307/1548565
http://dx.doi.org/10.2307/1548566
http://dx.doi.org/10.5733/afin.054.0214
http://dx.doi.org/10.1163/15685403-00003744
http://dx.doi.org/10.1046/j.1365-2540.2000.00664.x
http://dx.doi.org/10.1086/282771
http://dx.doi.org/10.1186/1742-9994-7-16
http://dx.doi.org/10.1007/BF00166162
http://dx.doi.org/10.1038/hdy.1994.97
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Rathke H. 1836. Zur Fauna der Krym. Ein Beitrag. Memorien der Kaiserlichen Akademie der
Wissenschaften, St. Petersburg, 3. Artemia salina. 105–111, pl. VI.

Recuero E, García-París M. 2011. Evolutionary history of Lissotriton helveticus: Multilocus
assessment of ancestral vs. recent colonization of the Iberian Peninsula.Molecular Phylogenetics
and Evolution 60(1):170–182 DOI 10.1016/j.ympev.2011.04.006.

Reniers J, Vanschoenwinkel B, Rabet N, Brendonck L. 2013. Mitochondrial gene trees support
persistence of cold tolerant fairy shrimp throughout the Pleistocene glaciations in both southern
and more northerly refugia. Hydrobiologia 714(1):155–167 DOI 10.1007/s10750-013-1533-6.

Rodríguez Gil S, Papeschi AG, Cohen RG. 1998. Mitotic and meiotic chromosomes of Artemia
(Branchiopoda) from populations of La Pampa province, Argentina. Journal of Crustacean
Biology 18(1):36–41.

Rodríguez-Flores PC, Jiménez-Ruiz Y, Forró L, Vörös J, García-París M. 2017. Non-congruent
geographic patterns of genetic divergence across European Branchinecta (Anostraca:
Branchinectidae). Hydrobiologia 801(1):47–57 DOI 10.1007/s10750-017-3266-4.

Rodríguez-Flores PC, Recuero E, Jiménez-Ruiz Y, García-París M. 2020. Limited long-distance
dispersal success in a Western European fairy shrimp evidenced by nuclear and mitochondrial
lineage structuring. Current Zoology 66(33):227–237 DOI 10.1093/cz/zoz054.

Rogers DC. 2013. Anostraca catalogus (Crustacea: Branchiopoda). Raffles Bulletin of Zoology
61(2):525–546.

Ronquist F, Teslenko M, Van der Mark P, Ayres DL, Darling A, Höna S, Larget B, Liu L,
Suchard MA, Huelsenbeck JP. 2012. MrBayes 3.2: efficient Bayesian phylogenetic inference
and model choice across a large model space. Systematic Biology 61(3):539–542
DOI 10.1093/sysbio/sys029.

Rosen D. 1986. The role of taxonomy in effective biological control programs. Agriculture,
Ecosystems & Environment 15(2–3):121–129 DOI 10.1016/0167-8809(86)90085-X.

Rozas J, Ferrer-Mata A, Sánchez-Del Barrio JC, Guirao-Rico S, Librado P, Ramos-Onsins SE,
Sánchez-Gracia A. 2017. DnaSP 6: DNA sequence polymorphism analysis of large datasets.
Molecular Biology and Evolution 34(12):3299–3302 DOI 10.1093/molbev/msx248.

Ruebhart DR, Cock IE, Shaw GR. 2008. Brine shrimp bioassay: importance of correct taxonomic
identification of Artemia (Anostraca) species. Environmental Toxicology 23(4):1–6
DOI 10.1002/tox.20358.

Sáez AG, Escalante R, Sastre L. 2000.High DNA sequence variability at the a1 Na/K-ATPase locus
of Artemia franciscana (brine shrimp): polymorphism in a gene for salt-resistance in a
salt-resistant organism. Molecular Biolology and Evolution 17(2):235–250
DOI 10.1093/oxfordjournals.molbev.a026303.

Samter M, Heymons R. 1902. Die Variationen bei Artemia salina Leach. und ihre Abhängigkeit
von äufseren Einflussen. Abhandlungen der Königlich Preussischen Akademie der Wissenschaften
1902(2):1–62.

Sanoamuang L, Murugan G, Weekers PHH, Dumont HJ. 2000. Streptocephalus sirindhornae,
new species of freshwater fairy shrimp (Anostraca) from Thailand. Journal of Crustacean Biology
20(3):559–565 DOI 10.1163/20021975-99990073.

Sars GO. 1904. Pacifische Plankton-Crustaceen. Zoologische Jahrbücher. Abtheilung für Systematik,
Geographie und Biologie der Thiere 19:629–646.

Sayce OA. 1903. The Phyllopoda of Australia, including descriptions of some new genera and
species. Proceedings of the Royal Society of Victoria 15:224–261.

Schmankewitsch W. 1873. Fakty, imeyushchiye otnosheniye k vliyaniyu okruzhayushchey sredy
na fiziologicheskiye funktsii i organizatsiyu zhivotnykh. Facts relevant to the influence of the

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 59/62

http://dx.doi.org/10.1016/j.ympev.2011.04.006
http://dx.doi.org/10.1007/s10750-013-1533-6
http://dx.doi.org/10.1007/s10750-017-3266-4
http://dx.doi.org/10.1093/cz/zoz054
http://dx.doi.org/10.1093/sysbio/sys029
http://dx.doi.org/10.1016/0167-8809(86)90085-X
http://dx.doi.org/10.1093/molbev/msx248
http://dx.doi.org/10.1002/tox.20358
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026303
http://dx.doi.org/10.1163/20021975-99990073
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


environment on the physiological functions and organization of animals. Trudy Tret’ego Syezda
Russkikh Estestvo Ispitateley 65:89–92.

Schmankewitsch W. 1875. Üeber das Verhältniss der Artemia salina Miln. Edw. zur Artemia
Mühlhausenii Miln. Edw. und dem Genus Branchipus Schaeff. Zeitschrift für Wissenschaftliche
Zoologie 25(1):103–116 [Translation published in 1883: On the relation of Artemia salina
Milne-Edwards to Artemia muehlhausenii Milne-Edwards and to the genus Branchipus
Schaeffer. Twelfth Annual Report of the United States Geological and Geographical Survey of
the Territories: A Report of Progress of the Exploration in Wyoming and Idaho for the Year
1878, 12(1, Appendix A): 466–473, 592, pl. 39].

Schmankewitsch W. 1876. On the relations of Artemia salina and Artemia Mühlhausenii, and on
the genus Branchipus. Annals and Magazine of Natural History 17(99):256–258
DOI 10.1080/00222937608681940.

Schmankewitsch W. 1877a. Ueber Artemia milhausenii M. Edw. aus dem Sakkischen Salzsee.
Zeitschrift für wissenschaftliche Zoologie 28:402–403.

Schmankewitsch W. 1877b. Zur Kenntnis des Einflusses der äusseren Lebensbedingungen auf die
Organisation der Tiere, Translation published in 1883: contributions to a knowledge of the
influence of external conditions of life upon the organization of animals. Twelfth Annual Report
of the United States Geological and Geographical Survey of the Territories: A Report of Progress of
the Exploration in Wyoming and Idaho for the Year 1878 29(1, Appendix A):429–494.

Schön I, Martens K, Rossi V. 1996. Ancient asexuals: scandal or artefact? Trends in Ecology and
Evolution 11:296–297.

Seale A. 1933. The brine shrimp (Artemia) as a satisfactory live food for fishes. Transactions of the
American Fisheries Society 63(1):129–130 DOI 10.1577/1548-8659(1933)63[129:TBSAAA]2.0.CO;2.

Shadrin NV, Batogova EA, Belmonte G, Moscatello S, Litvinchuk LF, Shadrina SV. 2008.
Artemia urmiana Günther, 1890 (Anostraca, Artemiidae) in Koyashakoye Lake (Crimea, Black
Sea) - a first finding out Urmia Lake (Iran). Marine Ecological Journal 7:30–31.

Simon E. 1886. Étude sur les Crustacées du sous-ordre des Phyllopodes. Annales de la Société
Entomologique de France 6e série 6:393–460.

Sorgeloos P, Dhert P, Candreva P. 2001. Use of the brine shrimp Artemia spp., in marine fish
larviculture. Aquaculture 200(1–2):147–159 DOI 10.1016/S0044-8486(01)00698-6.

Sorgeloos P, Lavens P, Lèger P, Tackaert W, Versichele D. 1986.Manual para el cultivo y uso de
Artemia en acuicultura. Documento de Campo 10. Programa cooperativo gubernamental
FAO—Italia. GCP/RLA/075/ITA. [Also cited as: Sorgeloos, P.; Lavens, P.; Lèger, P.; Tackaert,
W.; Versichele, D. 1986. Manual for the culture and use of brine shrimp Artemia in Aquaculture.
Artemia reference center, Faculty of Agriculture, University of Ghent, Belgium. pp. 91–95.].
Available at http://www.fao.org/docrep/field/003/AB474S/AB474S00.HTM.

Schrehardt A. 1987. A scanning electron-microscope study of the post-embryonic development of
Artemia. In: Sorgeloos P, Bengtson DA, Decleir W, Jaspers E, eds. Artemia Research and its
Applications. Morphology, Genetics, Strain Characterization, Toxicology. Vol. 1. Wetteren:
Universa Press, 5–32.

Schwarz G. 1978. Estimating the dimension of a model. Annals of Statistics 6(2):461–464
DOI 10.1214/aos/1176344136.

Stadler T. 2009. On incomplete sampling under birth-death models and connections to the
sampling-based coalescent. Journal of Theorical Biology 261(1):58–66 DOI 10.1016/j.jtbi.2009.07.018.

Sukumaran J, Knowles LL. 2017. Multispecies coalescent delimits structure, not species.
Proceedings of the National Academy of Sciences of the United States of America
114(7):1607–1612 DOI 10.1073/pnas.1607921114.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 60/62

http://dx.doi.org/10.1080/00222937608681940
http://dx.doi.org/10.1577/1548-8659(1933)63[129:TBSAAA]2.0.CO;2
http://dx.doi.org/10.1016/S0044-8486(01)00698-6
http://www.fao.org/docrep/field/003/AB474S/AB474S00.HTM
http://dx.doi.org/10.1214/aos/1176344136
http://dx.doi.org/10.1016/j.jtbi.2009.07.018
http://dx.doi.org/10.1073/pnas.1607921114
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Sun Y, Song WQ, Zhong YC, Zhang RS, Abatzopoulos TJ, Chen RY. 1999. Diversity and genetic
differentiation in Artemia species and populations detected by AFLP markers. International
Journal of Salt Lake Research 8:341–350.

Talavera G, Castresana J. 2007. Improvement of phylogenies after removing divergent and
ambiguously aligned blocks from protein sequence alignments. Systematic Biology
56(4):564–577 DOI 10.1080/10635150701472164.

Thompson JV. 1834. Development of Artemis Salinus, or Brine Shrimp. Pp.: 104–111, pl. I-VI.
In: Zoological Researches, and Illustrations 1828–1834; or, Natural History of nondescript or
Imperfectly Known Animals, in a Series of Memoirs, vol. 1, part II, memoir 6.

Thorne JL, Kishino H, Painter IS. 1998. Estimating the rate of evolution of the rate of molecular
evolution. Molecular Biology and Evolution 15(12):1647–1657
DOI 10.1093/oxfordjournals.molbev.a025892.

Tizol-Correa R, Maeda-Martínez AM, Weekers PH, Torrentera L, Murugan G. 2009.
Biodiversity of the brine shrimp Artemia from tropical salterns in southern México and Cuba.
Current Science 96(1):81–87.

Torrentera L, Dodson SL. 1995. Morphological diversity of populations of Artemia in Yucatan.
Journal of Crustacean Biology 15(1):86–102 DOI 10.2307/1549014.

Torrentera L, Belk D. 2002. New penis characters to distinguish between two American Artemia
species. Hydrobiologia 470(1/3):149–156 DOI 10.1023/A:1015632223844.

Triantaphyllidis GV, Criel GRJ, Abatzopoulos TJ, Sorgeloos P. 1997b. International study on
Artemia. LIV. Morphological study of Artemia with emphasis to Old World strains. II.
Parthenogenetic populations. Hydrobiologia 357:155–163.

Triantaphyllidis GV, Criel GRJ, Abatzopoulos TJ, Thomas KM, Peleman J, Beardmore JA,
Sorgeloos P. 1997a. International Study on Artemia. LVII. Morphological and molecular
characters suggest conspecificity of all bisexual European and North African Artemia
populations. Marine Biology 129(3):477–487 DOI 10.1007/s002270050188.

Triantaphyllidis G, Abatzopoulos T, Sorgeloos P. 1998. Review of the biogeography of the genus
Artemia (Crustacea, Anostraca). Journal of Biogeography 25(2):213–226
DOI 10.1046/j.1365-2699.1998.252190.x.

Tyson GE, Sullivan ML. 1979. Antennular sensilla of the brine shrimp Artemia salina. Biological
Bulletin 156(3):382–392 DOI 10.2307/1540925.

Tyson GE, Sullivan ML. 1980. Scanning electron microscopy of the frontal knobs of the male brine
shrimp. Transactions of the American Microscopical Society 99(2):167–172
DOI 10.2307/3225702.

Valsala G, Sugathan S, Bharathan H. 2015. Loss of indigenous brine shrimp Artemia
parthenogenetica due to the invasion by American species Artemia franciscana at
Thamaraikulam salt pan. Indian Journal of Marine Science 44(11):1712–1715.

Valverde JR, Batuecas B, Moratilla C, Marco R, Garesse R. 1994. The complete mitochondrial
DNA sequence of the crustacean Artemia franciscana. Journal of Molecular Evolution
39(4):400–408 DOI 10.1007/BF00160272.

Van Stappen G. 1996. Introduction, biology and ecology of Artemia. Manual on the production
and use of live food for aquaculture (Lavens P, Sorgeloos P, eds), pp. 1–295. FAO Fisheries
Technical Paper, 361. Available at http://www.fao.org/3/w3732e/w3732e00.htm.

Verrill AE. 1869. Descriptions of some new American Phyllopod Crustacea. American Journal of
Science and Arts 48(143):244–254 [Contributions to Zoology from the Museum of Yale College,
3]. Published again as: Verrill, A.E. 1869. Descriptions of some new American Phyllopod
Crustacea. The Annals and Magazine of Natural History, 4: 331–341.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 61/62

http://dx.doi.org/10.1080/10635150701472164
http://dx.doi.org/10.1093/oxfordjournals.molbev.a025892
http://dx.doi.org/10.2307/1549014
http://dx.doi.org/10.1023/A:1015632223844
http://dx.doi.org/10.1007/s002270050188
http://dx.doi.org/10.1046/j.1365-2699.1998.252190.x
http://dx.doi.org/10.2307/1540925
http://dx.doi.org/10.2307/3225702
http://dx.doi.org/10.1007/BF00160272
http://www.fao.org/3/w3732e/w3732e00.htm
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/


Verrill AE. 1870. Observations on phyllopod Crustacea of the family Branchipidae, with
descriptions of some new genera and species, from America. Proceedings of the American
Association for the Advancement of Science 18(1869):230–263.

Vetriselvan M, Munuswamy N. 2011. Morphological and molecular characterization of various
Artemia strains from tropical saltpans in South East Coast of India. Journal of American Science
7:689–695.

Vikas PA, Sajeshkumar NK, Thomas PC, Chakraborty K, Vijayan KK. 2012. Aquaculture related
invasion of the exotic Artemia franciscana and displacement of the autochthonous Artemia
populations from the hypersaline habitats of India. Hydrobiologia 684(1):129–142
DOI 10.1007/s10750-011-0976-x.

Walter A. 1887. Vorläufige Diagnose und Beschreibung zweier neuer Branchiopoden aus
Transkaspien. Bulletin de la Société Impériale des Naturalistes de Moscou, Nouvelle série 1:926.

Walter A. 1888a. Transkaspische Binnencrustaceen. Zoologische Jahrbücher. Abteilung für
Systematik, Geographie und Biologie der Tiere 3(6):987–1014.

Walter A. 1888b. Notice of two new Branchiopod Crustacea from the Trans-Caspian Region.
Journal of Natural History 1888:164.

Wang W, Luo Q, Luo Q, Guo H, Bossier P, Van Stappen G, Sorgeloos P, Xin N, Sun Q, Hu S,
Yu J. 2008. Phylogenetic analysis of brine shrimp (Artemia) in China using DNA barcoding.
Genomics Proteomics and Bioinformatics 6(3–4):155–162 DOI 10.1016/S1672-0229(09)60003-6.

Wheeler QD, Valdecasas AG. 2005. Ten challenges to transform taxonomy. Graellsia
61(2):151–160 DOI 10.3989/graellsia.2005.v61.i2.17.

Wiley EO. 1978. The evolutionary species concept reconsidered. Systematic Zoology 27(1):17–26
DOI 10.2307/2412809.

Wiley EO. 1981. Phylogenetics: the theory and practice of phylogenetic systematics. New York: John
Wiley and Sons.

Wolfe AF. 1980. A light and electron microscopic study of the frontal knob of Artemia (Crustacea,
Branchiopoda), The brine shrimp Artemia. In: Persoone G, Sorgeloos P, Roels O, Jaspers E, eds.
Morphology, Genetics, Radiobiology, Toxicology. Vol. 1. Wetteren: Universa Press, 117–130.

Yin Z, Zhang X-X, You T. 2013.Molecular phylogeny of different geographic Artemia populations
based on 16S rDNA mark. Heilongjiang Animal Science and Veterinary Medicine 7(1):135–137.

Zhang H-X, Luo Q, Sun J, Liu F, Wu G, Yu J, Wang W. 2013. Mitochondrial genome sequences
of Artemia tibetiana and Artemia urmiana: assessing molecular changes for high plateau
adaptation. Science China, Life Sciences 56(5):440–452 DOI 10.1007/s11427-013-4474-4.

Zhang L, King CE. 1993. Life history divergence of sympatric diploid and polyploid populations of
brine shrimp Artemia parthenogenetica. Oecologia 93(2):177–183 DOI 10.1007/BF00317668.

Zhang L, Lefcort H. 1991. The effects of ploidy level on the thermal distributions of brine shrimp
Artemia parthenogenetica and its ecological implications. Heredity 66(3):445–452
DOI 10.1038/hdy.1991.54.

Zheng B, Sun S, Ma L. 2004. The occurrence of an exotic bisexual Artemia species, Artemia
franciscana, in two coastal salterns of Shandong Province. Journal of Ocean University of China
3(2):171–174 DOI 10.1007/s11802-004-0030-y.

Zúñiga O, Wilson R, Amat F, Hontoria F. 1999. Distribution and characterization of Chilean
populations of the brine shrimp Artemia (Crustacea, Branchiopoda, Anostraca). International
Journal of Salt Lake Research 8:23–40.

Sainz-Escudero et al. (2021), PeerJ, DOI 10.7717/peerj.10865 62/62

http://dx.doi.org/10.1007/s10750-011-0976-x
http://dx.doi.org/10.1016/S1672-0229(09)60003-6
http://dx.doi.org/10.3989/graellsia.2005.v61.i2.17
http://dx.doi.org/10.2307/2412809
http://dx.doi.org/10.1007/s11427-013-4474-4
http://dx.doi.org/10.1007/BF00317668
http://dx.doi.org/10.1038/hdy.1991.54
http://dx.doi.org/10.1007/s11802-004-0030-y
http://dx.doi.org/10.7717/peerj.10865
https://peerj.com/

	Settling taxonomic and nomenclatural problems in brine shrimps, Artemia (Crustacea: Branchiopoda: Anostraca), by integrating mitogenomics, marker discordances and nomenclature rules ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	Appendix i
	Appendix ii
	flink8
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


