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Understanding the evolution of Tetraconata or Pancrustacea—the clade that

includes crustaceans and insects—requires a well-resolved hypothesis regard-

ing the relationships within and among its constituent taxa. Here, we

assembled a taxon-rich phylogenomic dataset focusing on crustacean lineages

based solely on genomes and new-generation Illumina-generated transcrip-

tomes, including 89 representatives of Tetraconata. This constitutes, to our

knowledge, the first phylogenomic study specifically addressing internal

relationships of Malacostraca (with 26 species included) and Branchiopoda

(36 species). Seven matrices comprising 81–684 orthogroups and 17 690–

242 530 amino acid positions were assembled and analysed under five

different analytical approaches. To maximize gene occupancy and to improve

resolution, taxon-specific matrices were designed for Malacostraca and

Branchiopoda. Key tetraconatan taxa (i.e. Oligostraca, Multicrustacea,

Branchiopoda, Malacostraca, Thecostraca, Copepoda and Hexapoda) were

monophyletic and well supported. Within Branchiopoda, Phyllopoda,

Diplostraca, Cladoceromorpha and Cladocera were monophyletic. Within

Malacostraca, the clades Eumalacostraca, Decapoda and Reptantia were

well supported. Recovery of Caridoida or Peracarida was highly dependent

on the analysis for the complete matrix, but it was consistently monophyletic

in the malacostracan-specific matrices. From such examples, we demonstrate

that taxon-specific matrices and particular evolutionary models and analyti-

cal methods, namely CAT-GTR and Dayhoff recoding, outperform other

approaches in resolving certain recalcitrant nodes in phylogenomic analyses.
1. Introduction
The phylogenetic relationships of crustaceans have attracted considerable interest

over the years, as the group is diverse in marine and continental environments

and many species are of commercial importance. Molecular genetic studies,

especially those using phylogenomic datasets, as well as cladistic morphological

studies have challenged many traditional hypotheses regarding the relationships

of crustacean taxa. Congruence among early molecular studies was scanty

(summarized in [1–3]), and despite a slowly emerging consensus regarding

the positions of certain taxa, key relationships among and within several

major taxa remain highly disputed. Of the traditionally recognized higher taxa,

Branchiopoda, Cephalocarida, Malacostraca and Remipedia are clearly

monophyletic, whereas Maxillopoda proved to be polyphyletic (e.g. [4–9]).

Certainly unexpected was the paraphyly of crustaceans with regard to

Hexapoda (e.g. [10–12]), which is now well established and supported by
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molecular and morphological data (e.g. [4–9,13–20]). This

clade has been termed Tetraconata or Pancrustacea. (We

continue to refer to ‘crustaceans’ for all non-hexapod Tetra-

conata, bearing in mind paraphyly of a proper taxon

‘Crustacea’.) Remipedia are the likely sister group of Hexapoda

[6,9,16], but Branchiopoda [13–15,17,18,20] and Xenocarida

(Remipedia þ Cephalocarida; [4,5]) also have been suggested.

Oligostraca—comprising Branchiura, Mystacocarida,

Ostracoda and Pentastomida (previously part of Maxillo-

poda)—as the sister group to all other Tetraconata (a clade

named Altocrustacea) is found in virtually all phylogenomic

studies and combined phylogenomic and morphological

analyses [4,5,7,9] (but see the morphological result in [6]).

The remaining taxa usually fall into two clades, Allotriocar-

ida (comprising Branchiopoda, Cephalocarida, Hexapoda

and Remipedia; [7,9,20]) and Multicrustacea (comprising

Malacostraca and the previous maxillopodan taxa Copepoda

and Thecostraca; [4,5,7,9,13,14]). Other studies grouped Bran-

chiopoda with Multicrustacea (a clade termed Vericrustacea;

[4,5]) or Copepoda with Allotriocarida [8]. The most detailed

morphological study, including fossils, recovered mono-

phyletic Entomostraca (all Tetraconata, except Hexapoda,

Remipedia and Malacostraca) [6]. In addition to these deep

tetraconatan relationships, large-scale phylogenomic analyses

within the tetraconatan main taxa are largely lacking, except

for Ostracoda [7] and Hexapoda [19]. Here, we address this

deficiency with a comprehensive analysis of Tetraconata

and its two major subclades Malacostraca and Branchiopoda.

More generally, the chosen analytical methods and matrix

composition can have a strong effect on the recovered top-

ology (e.g. [8,9,21]). Knowing these limitations is helpful to

detect questionable nodes, but identifying the underlying cor-

rect topology is intricate. We aim to improve the resolution

within the two focal taxa, Branchiopoda and Malacostraca,

by constructing taxon-specific matrices for each of these.

If congruence among analytical methods is greater for these

taxon-specific than for the tetraconatan-wide matrices, we

may be able to infer the overall performance of the various

analytical approaches.
2. Material and methods
(a) RNA extraction, library preparation and sequencing
Total RNA extraction followed standard TRIzol (Thermo Fisher

Scientific) procedures (for details, see [9]). Tissues were fixed

in RNAlater and stored at 2808C or fixed directly in TRIzol

(figure 1; electronic supplementary material, table S1). mRNA

was purified using magnetic oligo(dT)25-coated Dynabeads

(Dynabeads mRNA DIRECT Purification Kit, Thermo Fisher

Scientific). Fragmented cDNA libraries with 200 bp fragment

sizes were constructed with the PrepX Library Preparation Kit

(Wafergen Biosystems) on an Apollo 324 (Wafergen Biosystems).

Each library was single-indexed with one of 12 indices of the

PrepX mRNA Library Preparation Kit for Illumina (electronic

supplementary material, table S1). Indexed libraries were PCR-

amplified using the KAPA Library Amplification kit (Kapa

Biosystems) with 10–20 cycles and cleaned up with magnetic

beads (Aline). The mean fragment length was determined with

an Agilent 2100 Bioanalyzer HSDNA assay (Agilent Technol-

ogies) and concentrations were determined by qPCR (KAPA

Library Quantification kits; Kapa Biosystems). Twelve libraries

were pooled and sequenced together (150 bp paired-end, on

two lanes on an Illumina HighSeq 2500 at the FAS Center for
Systems Biology, Harvard). Fifty four transcriptomes were

newly sequenced for this study; raw reads of all newly

sequenced transcriptomes were deposited with GenBank

(electronic supplementary material, table S1).

(b) Data sanitation and transcriptome assembly
Demultiplexed raw reads were concatenated. Quality trimming to

remove adaptor sequences and bases below a Phred score of 30

was performed with TRIM GALORE! (http://www.bioinformatics.

babraham.ac.uk/projects/trim_galore/), retaining only reads of

25 bp or longer (corresponding to the minimum k-mer size in

transcriptome assembly). We assessed pre- and post-trimming

quality of reads with FASTQC. All putative rRNA or mtDNA

reads were filtered out with BOWTIE2 [22] using custom indices

built from all relevant rRNA and mtDNA sequences available

on GenBank. Following de novo transcriptome assembly with

TRINITY [23,24] using default parameters (k-mer length 25,

path_reinforcement_distance 50), remnant rRNA and mtDNA

contigs were filtered out with BOWTIE2. For the parasitic Loxothyla-
cus texanus (Thecostraca, Rhizocephala), we also sequenced the

transcriptome of the host Callinectes sapidus and eliminated poten-

tial host contigs with BOWTIE2. The transcriptome of C. sapidus
itself was not included in the phylogenomic analyses.

Highly similar isoforms within each assembly were eliminated

with CD-HIT-EST [25], with a 95% similarity cut-off to reduce

redundancy. Remaining sequences were converted to amino

acid sequences with TRANSDECODER [24] and longest isoform per

gene was selected and converted to a single line with two

custom python scripts (choose_longest_MOD_v2.py, singleli-

ne.pl). Transcriptome data downloaded from NCBI SRA

repositories (electronic supplementary material, table S1) were

assembled and curated as described above; translated protein

sequences from published genomes were only subjected to

redundancy reduction with CD-HIT.

Identifying orthologous genes among transcriptome assem-

blies of all species studied is a crucial step in phylogenomic

studies as it provides the foundation for all matrices and sub-

sequent analyses. We used OMA stand-alone v.0.99 [26], which

is based on all-by-all graph-based Markov clustering and which

was shown to have higher precision in identifying orthologues

and in discriminating paralogues than comparable programmes

[27]. All computations, with the exception of RAXML analyses

(see below), were run on the Odyssey cluster supported by the

FAS Division of Science, Research Computing Group at Harvard.

(c) Matrix assembly
Taxon occupancy per orthogroup (as identified by OMA) was

assessed with a custom python script (parseoma.py), and for

each orthogroup, all amino acid sequences were aligned with

MUSCLE v.3.8.31 [28]. Headers were sanitized (replace_hea-

der.py) and orthogroups with compositional heterogeneity or

potential bacterial contamination were removed. Compositional

heterogeneity was assessed with BACOCA v.1.107 [29] and

orthogroups with p , 0.99 in the x2 test were excluded. Potential

bacterial contamination was determined by blasting one

sequence per orthogroups against the NCBI nr database

(blastp)—selecting the longest available sequence. Four

orthogroups with bacterial contamination were identified and

removed. This step also allowed the annotation of each retained

orthogroup (electronic supplementary material, table S2). In all

retained orthogroups, ambiguously aligned positions were

masked with ZORRO [30] and positions with confidence scores

below 5 were removed with a custom Python script (zorry.py).

From the 292 991 unique orthogroups predicted by OMA,

seven different amino acid matrices were constructed (table 1),

using occupancy as the primary criterion, i.e. the number of

species present for each orthogroup [31], using a custom

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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Figure 1. Phylogenetic relationships within Tetraconata. (a) Inferred by PHYLOBAYES CAT-GTR with matrix 4 (455 decisive genes). All nodes within Malacostraca and
Branchiopoda were collapsed (for details, see the electronic supplementary material, table S2 and figures S2 and S3). Support values for all analyses are depicted as
rug plots, with each cell representing a specific combination of matrix and analytical method. Nodes supported in only one of two PHYLOBAYES chains are marked in
yellow (the two PHYLOBAYES chains did not converge for these nodes). Individuals newly sequenced for this study are highlighted in bold. (b – k) All alternative
topologies recovered in any analysis with support greater than 50 or 0.5. Alternative relationships within allotriocaridan and multicrustacean taxa (b – k),
within Oligostraca (g – h), within Thecostraca (i) and Hexapoda ( j – k) are depicted. (Online version in colour.)
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Python script (selectslice.py). The first three matrices were

constructed by applying an occupancy threshold of 72 species

(75% occupancy; matrix 1; i.e. an orthogroup was selected if

75% of the taxa were represented), 64 species (66% occupancy;

matrix 2) and 48 species (50% occupancy; matrix 3), respectively

(table 1; electronic supplementary material, tables S2 and S3).

Matrices 4 and 5 were specifically aimed at resolving the phylo-

genetic relationships among tetraconatan taxa and were based on

matrix 3, but including only decisive orthogroups (sensu [18]). In

addition, the 20% fastest and slowest evolving orthogroups were

removed from matrix 5 (see also [9]). Decisive orthogroups are

those orthogroups for which at least one representative of

each main taxon in question is present, here these were defined

as Branchiopoda, Cephalocarida, Hexapoda, Multicrustacea,

Oligostraca and Remipedia. We identified decisive orthogroups

with a custom Python script (count_taxa_Crustacea.py). Remov-

ing orthogroups with the most extreme rates of evolution should

reduce biases introduced by heterogeneous evolutionary rates.

The evolutionary rate was determined with trimAl [32], calculating

the level of conservation (-sct) for each orthogroup. Matrices 6 and 7

are taxon-specific matrices for Malacostraca and Branchiopoda,

respectively, aiming to improve occupancy for these taxa, which

are well represented with numerous species in our study (see
also [7]). Also, artefacts like compositional heterogeneity and het-

erotachy may be reduced in these taxon-specific matrices, as

other taxa with putatively confounding signals are excluded.

All non-malacostracans or non-branchiopods were removed

from the original OMA output with custom Python scripts

(Crustacea_MalacostracaOnly.py, Crustacea_BranchOnly.py). The

modified orthogroups were aligned and sanitized as described

above for the other matrices. For Malacostraca (matrix 6), all

orthogroups with 17 species (64% occupancy) were selected for

matrix construction. Speonebalia (Leptostraca) was used as an out-

group, as all analyses employing matrices 1–5 consistently

placed Speonebalia as the sister group to all other Malacostraca.

For Branchiopoda (matrix 7), all orthogroups with at least 23

species (77% occupancy) were selected (table 1; electronic sup-

plementary material, tables S2 and S3), and the root was placed

between Anostraca and Phyllopoda, as supported by all analyses

of matrices 1–5. It should be noted that one key branchiopod

species (Eoleptestheria cf. ticinensis) became available when all

other analyses were well progressed. Therefore, E. cf. ticinensis
was included only in the branchiopod-specific matrix 7, but not

in the other matrices.

After a first round of analyses were completed, a stricter screen-

ing for putative contaminants (sequencing cross-contamination,



Table 1. Amino acid matrices for phylogenetic analyses. (Matrices 1 – 3 were assembled according to minimum occupancy, matrices 4 and 5 are the reduced
version of matrix 3, including only decisive orthogroups. In addition, for matrix 5, the orthogroups (OG) with the 20% fastest and slowest evolutionary rate (ER)
were removed. Matrices 6 and 7 include only Malacostraca or Branchiopoda, respectively.)

minimum occupancy
per OG (%)

number
of OGs

average occupancy
per OG (%)

total aa
positions

average
missing aa
positions (%)

matrix 1 75 81 80 17 690 21

matrix 2 66 232 74 59 929 27

matrix 3 50 864 62 242 530 40

matrix 4 (decisive) 50 455 63 122 993 38

matrix 5 (decisive, 20 – 80% ER) 50 267 63 75 776 39

matrix 6 (Malacostraca) 64 277 74 68 446 28

matrix 7 (Branchiopoda) 77 606 84 167 449 18
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human or microbial sequences and residual adapters) flagged an

additional 195 sequences as putative contaminants and 30 featur-

ing residual adapter sequences (225 out of 53,432 sequences

included in our phylogenetic analyses). Their removal (excluding

five complete orthogroups and modifying 84 others) had no influ-

ence on the recovered topology and negligible effects on support

values as tested by ASTRAL and RAXML analyses of matrix 3

(not shown).
(d) Phylogenetic analyses
We performed up to five different phylogenetic analyses for each

of the inferred matrices. Phylogenetic trees were rooted with

Chelicerata, except in matrices 6–7.

Maximum-likelihood analyses were conducted with RAXML

[33] using HPC2 on XSEDE of the CIPRES Science Gateway

[34]. We performed two different analyses for each matrix, one

using the above-described amino acid matrices and one using

Dayhoff transformed six-state matrices. The latter is supposed to

reduce artefacts of long-branch attraction and taxon-specific com-

positional heterogeneity [8,35,36] by assigning each amino acid

to one of six classes based on their properties: AGPST, FWY, C,

HKR, ILMV and EDNQ. For the Dayhoff recoded matrices, a mul-

tigamma GTR model was employed (-m MULTIGAMMA -K

GTR). For the amino acid matrices, a PROTGAMMALG4X

substitution model partitioned by orthogroups was employed.

One hundred rapid bootstrap replicates (-f ) were computed

and the bootstrap (-x) and parsimony random seed (-p) were set

to 12345.

A different maximum-likelihood approach was followed

with PHYML 3.0 [37]. Here, the amino acid substitution matrices

were inferred via a PCMA [38] employing 10 principal com-

ponents (-pcs 10 -f e -m PCMA -s SPR -n_rand_start 3 -r_seed

123 -d aa -sequential). We did not employ PHYML for matrices

2 and 3, owing to the size of the matrices.

Bayesian inference was conducted with PHYLOBAYES MPI [39]

under the CAT-GTR model [40], which is assumed to be particu-

larly well suited to resolve artefacts caused by long-branch

attraction and site-specific compositional heterogeneity [41,42].

We ran two independent chains for each matrix and assessed

their convergence with tracecomp and bpcomp. We did not

employ PHYLOBAYES for matrix 3 owing to its large size.

While all of the above phylogenetic methods used a single

supermatrix concatenating all orthogroups, ASTRAL 4.10.2 [43]

uses a coalescence-based approach. Individual gene trees were

computed with RAXML using the PROTGAMMALG4X substi-

tution model, and then the underlying species tree was

inferred by ASTRAL, summarizing all gene trees representing
the respective matrices. Local posterior probabilities were

calculated as an approximation for node support.
3. Results and discussion
(a) Influence of taxon-specific matrices and analytical

methods on inferred relationships
Selecting suitable orthogroups to assemble matrices is a cru-

cial step for phylogenomic approaches to balance the number

of included inferred orthogroups with the amount of missing

data and potential noise. Common approaches for selecting

or excluding orthogroups are occupancy thresholds,

measures of evolutionary rates, decisiveness and compo-

sitional heterogeneity, among others (e.g. [9,18,21,44–47]).

The goal of these approaches is to exclude those orthogroups

with either too few representatives, too much noise or other

artefacts. Taxon-specific matrices represent a very different

approach (see also [7]). They aim at maximizing information

content for a specific taxon, which is relatively well

represented in terms of species numbers in the overall dataset.

With fewer and more closely related species being targeted,

taxon-specific matrices increase the information content com-

pared to the full dataset when identical occupancy cut-offs

are employed. For example, the tetraconatan-wide matrix 2

and the malacostracan-specific matrix 6 had similar occupancy

thresholds at 66 and 64% (table 1), respectively. However,

matrix 6 featured an additional 45 orthogroups and the

amount of missing data at the orthogroup level was reduced

from 31.5% (average for malacostracans in matrix 2) to

26.2%. For Branchiopoda, the positive effect was even higher,

featuring more than seven times the number of orthogroups

present in matrix 1, which has a similar occupancy threshold.

That these matrices improve the resolution for the targeted

taxa is clearly shown for the malacostracan-specific matrix

(the effects of the branchiopod-specific matrix are less

pronounced because conflict was lower for Branchiopoda in

matrices 1–5). All analyses of the malacostracan-specific

matrix 6 consistently recovered several crucial clades (e.g.

Caridoida, Peracarida or Pleocyemata), with little to no conflict

among analytical methods (figure 2). By contrast, analyses of

the tetraconatan-wide matrices 1–5 showed considerable

variation when analysed with different methods.
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Figure 2. Phylogenetic relationships within Malacostraca. (a) Topology based on the PHYLOBAYES CAT-GTR analysis of the malacostracan-specific matrix 6. Support values for
all analyses are depicted as rug plots. Nodes supported in only one of two PHYLOBAYES chains are marked in yellow (the two PHYLOBAYES chains did not converge for these nodes).
Individuals newly sequenced for this study are highlighted in bold. All alternative topologies with support greater than 50 or 0.5 in any analysis are shown: (b – e) position of
Stomatopoda and Mysida, ( f ) relationships within Peracarida, (g – i) Decapoda, ( j – m) Reptantia and Astacidea and (n) Caridea. (Online version in colour.)
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The taxon-specific matrices may also aid in determining

which of the employed analytical approaches were best

suited to resolve certain nodes. Although all approaches

supported monophyletic Peracarida and Caridoida under

the malacostracan-specific matrix 6—a result consistent with

morphological studies [48,49], only CAT-GTR (PHYLOBAYES)

and Dayhoff recoding also supported these clades under

matrices 1–5. All other approaches supported alternative

topologies under these tetraconatan-wide matrices (figure 2).

CAT-GTR and Dayhoff recoding reduce artefacts associated

with compositional heterogeneity and long-branch attraction

[8,35,36,40,42] and, therefore, might have fared better also

under the tetraconatan-wide matrices. However, CAT-GTR

and Dayhoff recoding also show crucial discrepancies in

certain nodes (e.g. regarding relationships within Decapoda;

figure 2) and even between certain CAT-GTR chains (see

Discussion on the position of Copepoda below).

Taken together, our analyses underscore that taxon-

specific matrices increase overall occupancy, total gene

number and resolution for the respective taxon. They also

highlight the need for phylogenomic studies to analyse mul-

tiple matrices using different analytical methods and models.

Not all nodes are equally resolved under each model or with

each matrix and problematic nodes can be identified only by
comparing multiple analyses, though CAT-GTR and Dayhoff

recoding appeared to best suited to resolve problematic

nodes. When combined with fast maximum-likelihood

algorithms like RAXML, Dayhoff recoding has a much

lower computational footprint than CAT-GTR in PHYLOBAYES.

Dayhoff recoding can also be combined with CAT-GTR,

reducing site and taxon-specific compositional heterogeneity

simultaneously [36].
(b) Phylogenetic relationships of tetraconatan taxa
The heterogeneity of proposed tetraconatan phylogenetic

relationships among recent phylogenomic studies (e.g.

[4,5,7,9]) is also reflected in our analyses, despite the greatly

improved taxon and gene sampling. Overall, Oligostraca,

Altocrustacea, Multicrustacea, Communostraca (Malacostraca

and Thecostraca), Malacostraca, Thecostraca, Copepoda,

Branchiopoda, Cephalocarida, Hexapoda and Remipedia

are well supported by our analyses (e.g. [4,5,7,9]) (we use

the term ‘well supported’ only for clades with bootstrap sup-

port of �98 or posterior probabilities �0.99 in more than 50%

of all analyses and which were rejected in not more than two

analyses and not more than one analysis of CAT-GTR,

Dayhoff recoding or of matrices 6 and 7, if applicable).



rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20181524

6
The monophyly of Multicrustacea and of Allotriocarida

was supported in several analyses, but in others Cephalocar-

ida clustered with Malacostraca and Thecostraca, while

Copepoda clustered within Allotriocarida in most analyses

with CAT-GTR (figure 1). Notable are the CAT-GTR analyses

of matrices 4 and 5: in one chain, Multicrustacea and Allot-

riocarida were monophyletic with full support, whereas

Copepoda clustered within Allotriocarida with full support

in the other chain (the chains of these PHYLOBAYES analyses

did not converge owing to the position of Copepoda). The

latter was also observed by Rota-Stabelli et al. [8] in analyses

of CAT-GTR and Dayhoff recoding, which they employed to

reduce codon usage biases among taxa [8,35]. Our overall

strategy to analyse amino acid matrices should already

reduce codon usage biases and our analyses using Dayhoff

recoding recovered monophyletic Allotriocarida and

Multicrustacea. Consequently, we assume monophyletic

Multicrustacea and Allotriocarida, and suggest that the

non-monophyly of Multicrustacea in some CAT-GTR chains

represents an artefact of CAT-GTR, but not necessarily related

to codon usage biases. This issue remains to be further tested.

Phylogenetic relationships within Allotriocarida were

highly dependent on the employed method and matrix, disre-

garding the problematic placement of Copepoda. Most

analyses recovered either a clade comprising Remipedia and

Cephalocarida (Xenocarida) (Miracrustacea; e.g. RAXML ana-

lyses of amino acid matrices and PHYML; see also [4,5]) or

Remipedia (Labiocarida; e.g. ASTRAL, CAT-GTR with PHYLO-

BAYES and RAXML with Dayhoff recoding; see also [7,16,19])

as the sister group to Hexapoda (figure 1; electronic sup-

plementary material, table S2). A similar pattern was

observed by Schwentner et al. [9], who attributed these to

the respective analyses’ power to resolve artefacts like compo-

sitional heterogeneity and long-branch attraction (see also

[8,35]) and, therefore, rejected Xenocarida as an artefact of

compositional heterogeneity and long-branch attraction. Our

results are consistent with those findings and interpretations.

Our phylogenetic analyses lend further support to studies

that suggested non-monophyly of Ostracoda [48,49], with the

Podocopa species (Paranesidea sp.) clustering either with the

mystacocarid Derocheilocaris remanei or with the branchiuran

Argulus siamensis (figure 1). However, this interpretation

remains tentative owing to the overall long branches and low

support within Oligostraca. Other phylogenomic studies

presented similar results [4,9], and only Oakley et al. [7], who

included the largest number of Ostracoda (based mostly

on 454-based transcriptomes and thus not included here),

recovered monophyletic Ostracoda, but not in analyses that

included other tetraconatan representatives. Whether the

higher occupancy of our matrices or the denser taxon sampling

of Oakley et al. [7] correctly resolved the relationships within

Oligostraca remains open. Resolving Oligostraca would

benefit from denser taxon sampling and targeted data

matrices, as done here for Malacostraca and Branchiopoda.
(c) Phylogenetic relationships within Malacostraca
The current malacostracan classification is largely based on

Calman [50,51], who classified Leptostraca as malacostracans

and separated four major Eumalacostraca taxa (sensu [52]):

Hoplocarida (including Stomatopoda, represented in our

analyses by the crown-group Verunipeltata), Syncarida (Bath-

ynellacea and Anaspidacea), Eucarida (Euphausiacea and
Decapoda) and Peracarida (Mysida, Amphipoda, Isopoda

and allies). Calman rejected the taxon Schizopoda, proposed

by Boas [53] and Thomson [54], which comprised Euphausia-

cea and Mysida and, after the discovery of Anaspides
tasmaniae in 1893, Anaspidacea.

The relationships between Calman’s eumalacostracan taxa

were repeatedly discussed, but the general ‘morphological con-

sensus’ was that Hoplocarida is the sister group to the

remaining three taxa, collectively known as Caridoida [55–

57]. Morphological support for Peracarida is strong [55,58,59].

Most molecular studies so far, however, do not support the

monophyly of Peracarida, proposing a closer relationship of

Mysida with various combinations of non-peracarid Eumala-

costraca [60–64] with the exception of one multilocus study

[65]. Our analyses support monophyletic Eumalacostraca

(figure 2), but monophyly of Caridoida and Peracarida was

not supported by alternative positions of Stomatopoda and

Mysida, respectively, in all analyses of ASTRAL, PHYML and

RAXML with amino acid matrices of matrices 1–5 (figure 2a–e).
Here, Mysida and Stomatopoda largely clustered with Euphau-

siacea, Anaspidacea and Decapoda. However, Caridoida and

Peracarida were monophyletic in all analyses of CAT-GTR,

several analyses employing Dayhoff recoding and all analyses

with all methods of the malacostracan-specific matrix 6

(figure 2a–e). Based on the latter analyses, especially those

employing the malacostracan-specific matrix 6, we propose

that Caridoida and Peracarida are monophyletic (see also

[55,58,66]) (see below for further discussion).

Within Peracarida, the clade Mancoida (Cumacea, Isopoda

and Tanaidacea) is well supported (e.g. [55,59]), rejecting

Edriophthalmata (Amphipoda and Isopoda) (e.g. suggested

in [66]) (figure 2a,f ). The sister group relationship between

Cumacea and Tanaidacea, recovered in most of our analyses

(figure 2f ), contradicts the traditional Tanaidacea–Isopoda

clade [55,56], which was not recovered in any of our analyses.

Monophyly of Eucarida was questioned by Richter [67]

who suggested a clade of Anaspidacea, Euphausiacea and

Peracarida (Xenommacarida; based on the structure of the

ommatidia). Our analyses suggest non-monophyly of Eucar-

ida and Xenommacarida, because Euphausiacea clusters

consistently with Anaspidacea, but without any member of

the Peracarida (figure 2a). Decapoda is potentially the sister

group of Anaspidacea and Euphausiacea. Monophyly of

Syncarida was not tested because Bathynellacea were not

available for transcriptome sequencing.

Decapod monophyly is well supported (figure 2a– f ).

Timm & Bracken-Grissom [68] nicely summarized the numer-

ous relationships recently proposed for decapod taxa, but our

results do not resolve all of these outstanding conflicts. The

relationships among Dendrobranchiata, Stenopodidea, Cari-

dea and Reptantia remain unresolved (figure 2a,g– i),
though most analyses of the malacostracan-specific matrix 6

supported a sister group relationship between Caridea and

Stenopodidea (see also [69,70]), with Reptantia as their closest

relative (figure 2g). The latter implies monophyletic Pleocye-

mata (e.g. [55,71]), but is only poorly corroborated by

analyses of other matrices. Within Reptantia, Astacidea and

Meiura are well-supported clades.

Published molecular phylogenetic analyses covering most

malacostracan taxa–even based on one or a few genes– are

rare, and phylogenomic approaches included a handful of

malacostracan taxa at most. Despite ours being, to our knowl-

edge, the most speciose phylogenomic study to date, several



(a)

(b) (c) (d) (e) (g) (h)( f )

Figure 3. Phylogenetic relationships within Branchiopoda. (a) Topology based on the PHYLOBAYES CAT-GTR analysis of the branchiopod-specific matrix 7. Support
values are depicted as rug plots. Eoleptestheria cf. ticinensis was included in matrix 7 only. Individuals newly sequenced for this study are highlighted in bold.
All alternative topologies with support greater than 50 or 0.5 in any analysis are shown: (b) Ozestheria, (c – e) Anomopoda and ( f – h) Daphniidae. Asterisk following
Schwentner et al. [79]; double asterisks following Schwentner et al. [80]. (Online version in colour.)
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long-standing conflicting phylogenetic hypotheses could not

be resolved. The malacostracan-specific matrix appears best

suited to resolve at least the backbone of malacostracan relation-

ships. The observed discrepancies among analyses might be

attributed to the relatively low representation of some malacos-

tracan species in OMA-derived orthogroups selected for our

matrices (electronic supplementary material, table S3). How-

ever, the number of contigs per species fed into OMA for

Malacostraca and Branchiopoda was similar (electronic sup-

plementary material, table S2), suggesting that the low

representation is not based on reduced quality or diversity of

the underlying transcriptomes. Potentially, gene duplication

events or increased mutation rates in some taxa may have

negatively affected orthogroup assignment with OMA.
(d) Phylogenetic relationships within Branchiopoda
A new era of branchiopod phylogeny started with Fryer’s [72]

‘flat’ classification, with the extant Branchiopoda subdivided
into eight ‘orders’ (Anostraca, Notostraca, Laevicaudata,

Spinicaudata, Anomopoda, Ctenopoda, Haplopoda and Ony-

chopoda). The monophyly of most of Fryer’s [72] taxa has

later been confirmed [73–76], with the exception of Spinicau-

data (as introduced by Linder [77]) from which the aberrant

clam shrimp family Cyclestheridae was later removed (see

[78]), in agreement with our results (figure 3). Furthermore,

Anostraca are well supported as the sister taxon to all other

Branchiopoda (Phyllopoda; [75,81,82]) and within Phyllopoda,

Notostraca is the sister taxon to a monophyletic Diplostraca,

which includes the three ‘clam shrimp’ taxa Laevicaudata,

Spinicaudata and Cyclestherida as well as the water fleas

(Cladocera) ([75] (morphology only), [81–83]). The sister

group relationship of Cyclestherida and Cladocera (Cladocero-

morpha) has been well accepted (e.g. [84]) and is well supported

in our analyses. With the overall congruence between our

detailed phylogenomic analyses, and morphological as well

as previous molecular studies, the backbone phylogeny of

Branchiopoda can now be considered resolved.
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Paraphyly of Cyzicidae has been previously reported

[85,86] and is now well supported (figure 3). Eocyzicus is

more closely related to Leptestheriidae and Limnadiidae

than to remaining Cyzicidae, with the latter being the sister

group to all other extant Spinicaudata. This contrasts

with previous morphology-based hypotheses of a close

relationship of Leptestheriidae and Cyzicidae [87,88].

The cladoceran taxa Ctenopoda, Anomopoda and Onycho-

poda are monophyletic in most studies (e.g. [74–76]) and

further supported here (a single species of Ctenopoda was

included, and thus not tested). Ctenopoda is the sister taxon

to all other cladocerans (e.g. [89]), a position not recovered by

most previous studies [73–76,87,90,91]. Unfortunately, our ana-

lyses lack Leptodora kindtii (the only representative of

Haplopoda), so we were not able to test whether it is the

sister group to Onychopoda (Gymnomera; e.g. [89]) or the

remaining Cladocera. Within Anomopoda, a clade comprising

Daphniidae and Macrotrichidae is best supported with

Moinidae as their sister taxon (figure 3).

Data accessibility. All resulting matrices, tree files, assemblies with Trinity,
orthologues and custom python and perl scripts are avalaible in the
Dryad Digital Repository: https://doi:10.5061/dryad.sn35910 [92]
and Harvard Dataverse (https://dataverse.harvard.edu/dataverse/
Crustacean_Phylogeny). Raw reads were deposited at GenBank SRA
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