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A B S T R A C T   

Phylogenetic relationships among the squids and cuttlefishes (Cephalopoda:Decapodiformes) have resisted 
clarification for decades, despite multiple analyses of morphological, molecular and combined data sets. More 
recently, analyses of complete mitochondrial genomes and hundreds of nuclear loci have yielded similarly 
ambiguous results. In this study, we re-evaluate hypotheses of decapodiform relationships by increasing taxo
nomic breadth and utilizing higher-quality genome and transcriptome data for several taxa. We also employ 
analytical approaches to (1) identify contamination in transcriptome data, (2) better assess model adequacy, and 
(3) account for potential biases. Using this larger data set, we consistently recover a clade comprising Myopsida 
(closed-eye squid), Sepiida (cuttlefishes), and Oegopsida (open-eye squid) that is sister to a Sepiolida (bobtail and 
bottletail squid) clade. Idiosepiida (pygmy squid) is consistently recovered as the sister group to all sampled 
decapodiform lineages. Further, a weighted Shimodaira-Hasegawa test applied to one of our larger data matrices 
rejects all alternatives to these ordinal-level relationships. At present, available nuclear genome-scale data 
support nested clades of relatively large-bodied decapodiform cephalopods to the exclusion of pygmy squids, but 
improved taxon sampling and additional genomic data will be needed to test these novel hypotheses rigorously.   

1. Introduction 

The cephalopod clade Decapodiformes (squids and cuttlefishes) 
comprises some of the most charismatic, economically and scientifically 
important invertebrate species. The largest non-colonial invertebrates 
on the planet are members of Decapodiformes—the giant squid Archi
teuthis dux and the colossal squid Mesonychoteuthis hamiltoni (both ~3 m 
mantle length and weighing ~500 kg) (Jereb and Roper, 2010). Several 
decapodiform species, particularly loliginids, sepiids and ommas
trephids, are targets of major fisheries; the global squid catch totaled ~3 
million metric tons in 2010 alone (Arkhipkin et al., 2015), with ceph
alopod populations appearing to be expanding (Doubleday et al., 2016), 
potentially fueling even larger catches in the future. 

Decapodiformes includes seven major extant clades (typically ranked 
as orders)—Bathyteuthoidea (Bathyteuthis and the comb-finned squid 
Chtenopteryx), Idiosepiida (pygmy squids), Myopsida (the neritic 
“closed-eye” squids, primarily loliginids), Oegopsida (the mostly 
oceanic “open-eye” squids), Sepiida (cuttlefishes), Sepiolida (bobtail 
and bottletail squids) and Spirulida (the ram’s horn squid). Though 
monophyly of these groups is fairly well established, relationships 

among them have been extraordinarily difficult to clarify using 
morphological and PCR-based molecular phylogenetic analyses (Allcock 
et al., 2014, 2011; Lindgren et al., 2012; Lindgren, 2010; Strugnell and 
Nishiguchi, 2007; Young and Vecchione, 1996). 

High-throughput sequencing technologies have more recently 
allowed researchers to assemble data from complete mitochondrial ge
nomes (Strugnell et al., 2017; Uribe and Zardoya, 2017) and nuclear 
data sets (primarily transcriptomes) comprising hundreds to thousands 
of loci (Lindgren and Anderson, 2018; Tanner et al., 2017). Despite the 
significant increase in data set size, these studies followed a pattern 
similar to that seen in morphological and PCR-based studies, namely the 
recovery of conflicting topologies of relationships within Decap
odiformes, often with seemingly strong (e.g., bootstrap values >90%) 
support. Taxon sampling likely plays an important role in uncovering 
higher-level decapodiform relationships. For example, Lindgren and 
Anderson (2018) did not include data for Bathyteuthoidea or Spirulida, 
and recovered topologies with Idiosepiida sister to a clade comprising 
the rest of Decapodiformes (Fig. 1). By contrast, three other studies, 
using either RNAseq or mitochondrial genomes, that included either 
limited data from Spirulida (Tanner et al., 2017) or data from both 
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Bathyteuthoidea and Spirulida (Strugnell et al., 2017; Uribe and Zar
doya, 2017) recovered Sepiida as sister to a clade comprising all extant 
decapodiforms (Fig. 1). 

Thanks in large part to the plummeting costs of high-throughput 
sequencing, new data are regularly becoming publicly available. In 
addition, new analytical approaches designed to ameliorate challenges 
in phylogenomic analysis (e.g., among-lineage compositional and sub
stitution rate heterogeneity, model inadequacy/misspecification and 
heterotachy) are continually being developed (Crotty et al., 2020; 
Duchêne et al., 2018; Naser-Khdour et al., 2019; Schrempf et al., 2020). 
In light of continued conflicting hypotheses of higher-level relationships 
within Decapodiformes, we here build on previous studies (e.g., Lindg
ren and Anderson, 2018; Tanner et al., 2017) by utilizing more complete 
transcriptomes for several previously sampled taxa and by incorporating 
data for new taxa (including two bottletail squids and representatives of 
two additional oegopsid families). Further, we employ novel, recently 
developed analytical approaches to evaluate and improve substitution 
model fit and reduce the potential impact of heterotachy. Combined, 
these approaches allow us to better evaluate the ability of currently 
available transcriptome data to distinguish between two alternative 
hypotheses of relationships among the decapodiform sub
clades—Sepiida as sister to the rest of Decapodiformes versus Idiosepiida 
as sister to the rest of Decapodiformes. 

2. Methods 

2.1. Taxon sampling 

To better evaluate relationships among the decapodiform orders, we 
focused our sampling on Decapodiformes, using members of Octopodi
formes as outgroups. Overall taxon sampling was similar to Lindgren 
and Anderson (2018), with some exceptions: 1) data from Nautilus were 

not included, 2) only four members of Octopodiformes were used 
(Vampyroteuthis infernalis, Cirroctopus glacialis, Octopus bimaculoides and 
Pareledone albimaculata), and 3) nine additional decapodiform taxa were 
sampled from five lineages—Oegopsida: Pterygioteuthis hoylei (Pyroteu
thidae) and Octopoteuthis deletron (Octopoteuthidae), Myopsida: Loligo 
vulgaris (Loliginidae), Sepiida: Metasepia pfefferi, Sepia pharaonis and 
Sepiella maindroni, Sepiolida: Euprymna tasmanica and Sepiadariidae (a 
sepiolid lineage that was unsampled in Lindgren and Anderson [2018]): 
Sepioloidea lineolata and Sepiadarium austrinum. Spirulida was excluded 
because very little nuclear sequence data is available for this taxon, as 
discussed in Lindgren and Anderson (2018). Most of the data used in this 
study were downloaded from the Sequence Read Archive (SRA; htt 
p://www.ncbi.nlm.nih.gov/sra/). In total, 27 decapodiforms were 
sampled and, for several taxa, data used in Lindgren and Anderson 
(2018) were replaced with new publicly available data to increase gene 
coverage (Table 1). 

2.2. Transcriptome assembly 

Transcriptome assemblies were generated from downloaded fastq/ 
fasta files or raw 454 reads in Trinity v. 2.8.3 (22 August 2018 release) 
(Grabherr et al., 2011) using default parameters and quality trimming 
(“–trimmomatic” option), with in silico normalization for particularly 
large transcriptomes (“–normalize reads” option). Assemblies were 
produced on the Southern Illinois University BigDawg high-performance 
computing cluster or via the National Center for Genome Assembly 
Support (NCGAS) (Ganote et al., 2017) using the Carbonate cluster at 
Indiana University. TransDecoder 5.3.0 (http://transdecoder.github.io) 
was used to find open reading frames and translate nucleotide sequences 
into amino acid sequences at least 100 amino acids in length. 

Fig. 1. Summary of recently published hypotheses of relationships among the major decapodiform lineages based on complete mitochondrial genome (left) and 
nuclear transcriptome sequence data (right). 
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2.3. Data matrix construction and preliminary data filtering 

Initial transcriptome processing closely followed Lindgren and 
Anderson (2018). Amino acid sequences from TransDecoder and the O. 
bimaculoides and A. dux predicted proteomes were screened with 
HaMStR v.13.2.6 (Ebersberger et al., 2009), retaining all sequences that 
met the reciprocity requirement. We used two core ortholog sets—a 
cephalopod set (Lindgren and Anderson, 2018) and a revised lopho
trochozoan set (Kocot et al., 2017). We converted the HaMStR output to 
a FASTA-formatted file for each orthogroup (locus) and aligned each 

locus using MAFFT (L-INS-i algorithm) (Katoh et al., 2005). We trimmed 
the ends of each sequence if any of the leading or trailing 20 positions 
were missing data. After alignment, we removed all gap-only columns 
and columns with four or fewer non-gap characters. To remove possible 
paralogs, we used FastTreeMP (Price et al., 2010) (“-slow” and 
“-gamma” settings) to infer a tree for each alignment, and then 
employed PhyloTreePruner (Kocot et al., 2013) to screen the resulting 
trees, as described in Lindgren and Anderson (2018) (though here, we 
collapsed nodes on each tree with SH-like local support values <0.7 into 
polytomies). All loci were then realigned with MAFFT (L-INS-i) and 
concatenated with FASconCAT v1.0.pl (Kück and Meusemann, 2010). 
This pipeline was run multiple times to generate concatenated matrices 
based in different core ortholog sets (cephalopod vs. lophotrochozoan) 
and different amounts of missing data (loci found in at least 25%, 50% 
and 75% of transcriptomes). 

Investigations of single-locus trees revealed that the sepiadariid 
transcriptomes (especially Sepioloidea lineolata) contain sequences that 
appear to be of octopod origin. For example, of the 1065 loci in the 25% 
set (lophotrochozoan core orthologs) that included data for Sepioloidea 
lineolata, over a third (359) yielded ML gene trees in which S. lineolata 
was nested within Octopodiformes, usually as sister to Octopus bimacu
loides. Preliminary phylogenetic analyses of concatenated data matrices 
strongly suggested that this conflicting signal was having important 
topological effects for some data matrices (most notably, by producing a 
paraphyletic Sepiolida). We used two approaches to ameliorate these 
effects. First, we used topological constraints in PAUP* version 4.0a 
(build 166) (Swofford, 2003) to find all loci whose ML trees contained a 
non-monophyletic Octopodiformes (i.e., a non-monophyletic Decap
odiformes, as all taxa were either members of Decapodiformes or 
Octopodiformes) and deleted those loci. Second, for each locus that 
yielded an ML tree with a sepiadariid sequence nested within Octopo
diformes, we simply deleted the misplaced sepiadariid sequence. Both of 
these “cleaned” sets of loci were then processed through the pipeline 
described above. 

2.4. Additional filtering steps 

Our pipeline included steps intended to minimize the impact of 
paralogy and missing data on our inferences and yielded eight sets of loci 
and concatenated matrices. To explore the impact that common chal
lenges to systematics such as substitution-rate and compositional het
erogeneity (Felsenstein, 1978; Foster and Hickey, 1999; Hendy and 
Penny, 1989; Saccone et al., 1990), substitution model violations 
(Ababneh et al., 2006; Shepherd and Klaere, 2018) and inadequate 
models (Brown, 2014; Doyle et al., 2015; Goldman, 1993) have on 
phylogenomic inference, we performed several additional filtering 
steps. We inferred best-fitting amino acid substitution models for each 
locus using the ProteinModelSelection.sh script (https://github.com/sta 
matak/standard-RAxML/blob/master/usefulScripts/ProteinModelSele 
ction.pl), then inferred ML trees for each locus under the best-fitting 
model using RAxML 8.2.12 (Stamatakis, 2014) with 100 rapid boot
strap replicates. We then calculated multiple measures of phylogenetic 
signal and substitution rate and amino acid compositional heterogeneity 
for each locus: 1) the standard deviation of the tip-to-root distance, 2) 
the average patristic distance, 3) the average pairwise patristic distance 
of a taxon to all other taxa relative to the average pairwise patristic 
distance across all taxa, 4) the median RCFV (relative compositional 
frequency variability) value (Zhong et al., 2011), 5) a chi-square test of 
homogeneity, and 6) the relative tree certainty score, including all 
conflicting bipartitions (TCA). 

The first three are indices of substitution rate (i.e., branch length) 
heterogeneity and were calculated using TreSpEx.v1.1 (Struck, 2014), 
while the fourth and fifth are measures of compositional heterogeneity 
and were calculated with BaCoCa v. 1.104r (Kück and Struck, 2014). For 
one set of analyses, we deleted any loci that were 1.5 times the inter
quartile range above the mean/median for the first four values, as well 

Table 1 
Taxon name, SRA run number and number of HaMStR orthologs recovered using 
the cephalopod or new lophotrochozoan core ortholog set; “–” = data provided 
by R. de Fonseca as described in Lindgren and Anderson (2018), * = prefix is 
DRR instead of SRR.  

Species Higher Taxon NCBI SRA (SRR) 
number 

# loci 
(Ceph) 

# loci 
(Loph) 

Decapodiformes     
Architeuthis dux Oegopsida: 

Architeuthidae 
– 2062 2138 

Chiroteuthis calyx Oegopsida: 
Chiroteuthidae 

5527417 1813 1881 

Doryteuthis pealei Myopsida 1522987 1971 2024 
Dosidicus gigas Oegopsida: 

Ommastrephidae 
1955488 1693 1790 

Euprymna 
scolopes 

Sepiolida: 
Sepiolidae 

3495043–3495048 2108 2155 

Euprymna 
tasmanica 

Sepiolida: 
Sepiolidae 

2985349 1819 1818 

Galiteuthis armata Oegopsida: 
Cranchiidae 

2102359 569 656 

Heterololigo 
bleekeri 

Myopsida 018274*, 018275* 1832 2011 

Idiosepius 
notoides 

Idiosepiida 2984342 1947 1991 

Loligo vulgaris Myopsida 3472303 1392 1473 
Lolliguncula brevis Myopsida – 1625 1714 
Metasepia pfefferi Sepiida 5253657 1465 1539 
Octopoteuthis 

deletron 
Oegopsida: 
Octopoteuthidae 

5527415 2098 2141 

Onychoteuthis 
banksii 

Oegopsida: 
Onychoteuthidae 

– 1954 2110 

Pterygioteuthis 
hoylei 

Oegopsida: 
Pyroteuthidae 

5527418 2030 2044 

Sepiadarium 
austrinum 

Sepiolida: 
Sepiadariidae 

2962674, 2966910, 
2966928, 2973270, 
2973271 

2098 2176 

Sepia esculenta Sepiida 1386223 1694 1728 
Sepia officinalis Sepiida 5204445 1999 2056 
Sepia pharaonis Sepiida 3011300 2077 2106 
Sepiella japonica Sepiida 2889753 2094 2150 
Sepiella maindroni Sepiida 5358819 2097 2133 
Sepioloidea 

lineolata 
Sepiolida: 
Sepiadariidae 

5396788–5396792 2075 2093 

Sepioteuthis 
lessoniana 

Myopsida 1386192 1521 1528 

Sthenoteuthis 
oualaniensis 

Oegopsida: 
Ommastrephidae 

7165537 2088 2139 

Todarodes 
pacificus 

Oegopsida: 
Ommastrephidae 

3472305 1556 1597 

Uroteuthis edulis Myopsida 3537536–3537540, 
3497883 

2003 2125 

Watasenia 
scintillans 

Oegopsida 2960126–2960131 2129 2157  

Octopodiformes     
Cirroctopus 

glacialis 
Cirrata – 1929 2040 

Octopus 
bimaculoides 

Incirrata: 
Octopodidae 

predicted proteome 2204 2174 

Pareledone 
albimaculata 

Incirrata: 
Megaleledonidae 

– 1934 2048 

Vampyroteuthis 
infernalis 

Vampyromorpha 5527416 2052 2083  
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as any loci that returned a p value of less than 0.05 in the chi-square test 
of homogeneity. Combined, these filtering steps removed loci that 
showed either high levels of substitutional rate or compositional het
erogeneity among lineages (or both). 

The final measure (TCA) is an index of phylogenetic signal. Salichos 
and Rokas (2013) proposed that focusing on genes with strong phylo
genetic signal could be helpful for reconstructing ancient divergences, 
and developed two measures—internode certainty (a measure of the 
amount of conflict between a given internode on a gene tree and the 
most prevalent conflicting bipartition in the set of gene trees) and tree 
certainty (the sum of internode certainty values across a gene tree) 
(Salichos et al., 2014; Shen et al., 2017)—to assess this signal. We used 
RAxML v. 8.2.12 to calculate tree certainty values for all loci using the 
options -L MR -x <name of file containing all single-locus ML trees>
(Kobert et al., 2016). Loci with relative tree certainty including all 
conflicting bipartitions (i.e., TCA) scores 1.5 times the interquartile 
range below the median TCA score (i.e., loci that had especially low 
phylogenetic signal) were removed. 

Standard substitution models such as those used in RAxML and IQ- 
TREE assume that sequence evolution is stationary, reversible and ho
mogeneous (SRH; Ababneh et al., 2006), but empirical data often do not 
fit these assumptions (Naser-Khdour et al., 2019). To determine if our 
data meet SRH assumptions, we used the “–symtest” option in IQ-TREE 
1.7 beta version 17 (Nguyen et al., 2015) to calculate p-values for three 
matched-pairs test of homogeneity (symmetry, marginal symmetry and 
internal symmetry) for all of our data sets. 

2.5. Phylogenetic analyses 

The filtering steps above yielded a final set of twenty-four concate
nated data matrices (Table 2). All matrices were subjected to partitioned 
maximum likelihood phylogenetic analysis in RAxML 8.2.10 and 8.2.12 
(Stamatakis, 2014) on CIPRES (Miller et al., 2010) with 200 rapid 
bootstrap pseudoreplicates, using these options: -f a -x <rapid boot
strapping random number seed; unique for each analysis> -p 
<parsimony random number seed; unique for each analysis> -# 200 -m 
PROTGAMMA<amino acid model> -s <inputfile> -n <outputfile> -q 
<partitionfile>. 

Debate about the use of partitioned vs. site-heterogeneous models 
(Halanych et al., 2016; Pisani et al., 2016, 2015; Whelan et al., 2015; 
Whelan and Halanych, 2016) and recent work suggesting that parti
tioned analyses are vulnerable to long-branch attraction artifacts (Wang 
et al., 2019) led us to explore alternative analytical approaches. Un
fortunately, analyses under the CAT-GTR model in PhyloBayes are 
computationally challenging. However, recent developments using dis
tribution mixture models estimated via maximum likelihood (Le et al., 
2008; Schrempf et al., 2020; Wang et al., 2018) have made analyses 
using site-heterogeneous models more tractable. Attempts to infer 
empirical site distributions for our data repeatedly failed due to com
puter memory limitations, so we used prepackaged universal distribu
tion mixture (UDM) models produced by Schrempf et al. (2020), based 
on log center log ratio transformations of site distributions from the 
HOGENOM database (Dufayard et al., 2005), in IQ-TREE 1.6.12. Pre
liminary analyses of the C75-B1 matrix suggested that mixture models 
with 16, 32 and 64 components were all overfit. To minimize model 
overfitting while retaining a number of components comparable to a 
C20 model (Le et al., 2008), we used a model with 16 components 
(hogenom_lclr_016) for analyses of all 24 matrices described above, 
running each analysis twice to check for consistency. 

2.6. Evaluating conflict among gene trees 

Traditional measures of support (e.g., bootstrapping and Bayesian 
posterior probabilities) may mask substantial conflict among genes in 
phylogenomic data sets (Smith et al., 2015). To characterize the amount 
and distribution of conflict among genes, we used phyparts (Smith et al., 

2015) to map single-locus ML trees to concatenated ML trees for four 
data sets (C25-A1, C75-A1, L25-A1 and L75-A1; Table 2) that span a 
range of included loci and amounts of missing data. These analyses 
require rooted trees, so we only mapped locus trees that included at least 
one member of Octopodiformes, and used Mesquite version 3.6 (Mad
dison and Maddison, 2018) to root the locus trees, designating octopo
diforms as outgroups. Analyses were conducted by mapping all single- 
locus tree bipartitions and only single-locus bipartitions with 50% or 
greater bootstrap support. Pie charts reflecting conflict at each node of 
the concatenated ML tree were generated with the phypartspiecharts.py 
script (available at https://github.com/mossmatters/MJPythonNoteboo 
ks/blob/master/PhyParts_PieCharts.ipynb). 

We also employed IQ-TREE 1.7 beta 17 to infer partitioned ML trees 
with 1000 ultrafast bootstrap replicates (Hoang et al., 2018) for each 
concatenated data matrix and each single-locus data matrix, using the 
substitution models selected for each locus with the ProteinModelSe
lection script, with gamma-distributed rates (four rate categories). We 
then used the concatenated matrix trees and single-locus trees to 
calculate gene concordance factors (gCFs) and site concordance factors 
(sCFs) (Ané et al., 2006; Gadagkar et al., 2005; Minh et al., 2020). 

Table 2 
Summary of all data matrices used in this study. “Ortholog set”: the ortholog set 
used in HaMStR; “Coverage”: loci included were represented in at least this 
percentage of transcriptomes (of 31); “Filtering 1”: indices used to remove 
outlier loci (TB = heterogeneity indices calculated using TreSpEx and BaCoCa; 
TC = relative tree certainty score, including all conflicting bipartitions [TCA]); 
“Filtering 2”: approach used to remove likely contaminant sequences (“Sepia
dariidae” = deletion of individual sepiadariid sequences that grouped within 
Octopodiformes in single-locus ML trees; “Decapodiform monophyly” = deletion 
of loci for which Decapodiformes was non-monophyletic in single-locus ML 
trees). See text for details.  

Matrix Ortholog Set Coverage Filtering 1 Filtering 2 

C25- 
A1 

cephalopod 25% TB Sepiadariidae 

C25- 
A2 

cephalopod 25% TB Decapodiform 
monophyly 

C25-B1 cephalopod 25% TB + TC Sepiadariidae 
C25-B2 cephalopod 25% TB + TC Decapodiform 

monophyly 
C50- 

A1 
cephalopod 50% TB Sepiadariidae 

C50- 
A2 

cephalopod 50% TB Decapodiform 
monophyly 

C50-B1 cephalopod 50% TB + TC Sepiadariidae 
C50-B2 cephalopod 50% TB + TC Decapodiform 

monophyly 
C75- 

A1 
cephalopod 75% TB Sepiadariidae 

C75- 
A2 

cephalopod 75% TB Decapodiform 
monophyly 

C75-B1 cephalopod 75% TB + TC Sepiadariidae 
C75-B2 cephalopod 75% TB + TC Decapodiform 

monophyly 
L25-A1 lophotrochozoan 25% TB Sepiadariidae 
L25-A2 lophotrochozoan 25% TB Decapodiform 

monophyly 
L25-B1 lophotrochozoan 25% TB + TC Sepiadariidae 
L25-B2 lophotrochozoan 25% TB + TC Decapodiform 

monophyly 
L50-A1 lophotrochozoan 50% TB Sepiadariidae 
L50-A2 lophotrochozoan 50% TB Decapodiform 

monophyly 
L50-B1 lophotrochozoan 50% TB + TC Sepiadariidae 
L50-B2 lophotrochozoan 50% TB + TC Decapodiform 

monophyly 
L75-A1 lophotrochozoan 75% TB Sepiadariidae 
L75-A2 lophotrochozoan 75% TB Decapodiform 

monophyly 
L75-B1 lophotrochozoan 75% TB + TC Sepiadariidae 
L75-B2 lophotrochozoan 75% TB + TC Decapodiform 

monophyly  
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2.7. Further assessments of potential sources of bias 

In some cases, the analyses described above returned differing to
pologies. To explore some possible causes for these differences across 
different data matrices, we performed additional analyses on a subset of 
the matrices. First, to further reduce the impact of composition bias for 
two of the smallest matrices that yielded different topologies (C75-B1 
and L75-B2), we recoded amino acids into groups that minimize 
compositional heterogeneity using minmax-chisq (http://www.mathst 
at.dal.ca/tsusko/software.cgi; Susko and Roger, 2007) as described in 
Lindgren and Anderson (2018). Second, to assess the potential impact of 
heterotachy (i.e., variation in evolutionary rate at a given position over 
time; Lopez et al., 2002; Philippe and Lopez, 2001), we analyzed a 
version of the L75-B2 matrix under the GHOST mixture model (Crotty 
et al., 2020) using an MPI version of IQ-TREE v. 1.6.12. Because we 
cannot simultaneously use multiple substitution models and variable 
site classes, we only analyzed loci for which JTT was the best-fitting 
substitution model (108 of 154 loci had JTT or JTTF as best-fitting 
model). We inferred trees under the JTT model using two to twelve 
classes of variable sites, allowing amino acid frequencies, branch lengths 
and substitution rates to vary among classes (i.e., -m JTT + FO*H2 to -m 
JTT + FO*H12) and used the number of classes with the lowest Bayesian 
information criterion in a subsequent analysis (1000 ultrafast bootstrap 
replicates, employing the -bnni option). Finally, to assess whether 
different protein structural regions contain conflicting phylogenetic 
signal, we evaluated all single-locus alignments for the C75-B1 and L75- 
B2 data sets with the structure_assignment.pl script (Pandey and Braun, 
2020), which uses a protein structure prediction package (SCRATCH- 
1D, release 1.2; Cheng et al., 2005; Magnan and Baldi, 2014) to infer 
secondary structure and solvent accessibility. The script parsed sites in 
each alignment into five structural classes—coil, helix, sheet, buried or 
exposed. Then, for each matrix, we concatenated sites by class and 
analyzed the concatenated coil, helix, etc., matrices in IQ-TREE v. 1.6.12 
(inferring an unpartitioned best-fitting model and conducting 1000 ul
trafast bootstrap replicates for each matrix). The resulting trees were 
visually compared to determine whether different classes of sites sup
ported conflicting topologies. 

2.8. Hypothesis testing 

To further evaluate the conflicting phylogenomic hypotheses of 
decapodiform relationships (Fig. 1), we performed weighted 
Shimodaira-Hasegawa tests (WSH; Buckley et al., 2001; Shimodaira, 
1998; Shimodaira and Hasegawa, 1999) in IQ-TREE using 3 datasets: 
one of our larger matrices (C50-B1), a matrix of comparable size (C75- 
B1) to Tanner et al. (2017) and the data matrix from Tanner et al. 
(2017). The WSH test assumes that all credible trees are included in the 
set of trees to be evaluated, which can constitute a major computational 
burden if the number of credible trees is large. To facilitate comparisons, 
we modified each data matrix. We modified Tanner et al.’s matrix by 
deleting Spirula, all but four members of Octopodiformes and all non- 
coleoid outgroups to more closely match our sampling. To generate a 
computationally manageable set of credible trees, we deleted Galiteuthis 
armata (the transcriptome with the largest amount of missing data; 
Table 1) from our C75-B1 and C50-B1 matrices. For all three data 
matrices, we used a constraint tree in which all orders and families were 
monophyletic and relationships within Myopsida (Anderson, 2000a, 
2000b; Lindgren and Anderson, 2018; Sales et al., 2013; Tanner et al., 
2017), Oegopsida (Lindgren, 2010), Ommastrephidae (Pardo-Gandar
illas et al., 2018), Sepiida (Strugnell et al., 2017; Uribe and Zardoya, 
2017) and Octopodiformes matched previous studies. This yielded a 
credible set of 11,025 trees for the Tanner et al. data matrix and 23,625 
trees for our two matrices. Since we did not know the gene boundaries in 
the Tanner et al. matrix, we inferred the best-fitting unpartitioned 
substitution model with ModelFinder (Kalyaanamoorthy et al., 2017) for 
that matrix; for our matrices, we used the partitioned model inferred 

with RAxML, with gamma-distributed rates (four rate categories). For all 
tests, model parameters were estimated on an initial parsimony tree, and 
either 1000 (for C50-B1) or 10,000 (Tanner et al. and C75-B1) RELL 
replicates were used to find a WSH confidence set of trees. 

3. Results 

3.1. Data matrix characteristics 

Data matrices ranged from 154 loci and ~86,000 characters to 1404 
loci and ~720,000 characters, with amounts of missing data ranging 
from ~24% to ~58% (Table 3). Maximum test of symmetry (SymPval; 
Naser-Khdour et al., 2019) p-values for all loci and matrices were greater 
than 0.1; i.e., we cannot reject the null hypothesis that our data comply 
with SRH assumptions. 

3.2. Phylogenies 

We conducted an initial set of 48 analyses (two ortholog sets, three 
levels of missing data, two methods for removing contaminant se
quences from the sepiadariids, two filtering methods and two types of 
ML analysis). Across all of the resulting topologies, several clades were 
recovered:  

1) Octopodiformes and Decapodiformes were reciprocally 
monophyletic;  

2) Idiosepius was sister to a clade comprising all other decapodiforms;  
3) Sepiolida was monophyletic and sister to all other decapodiforms 

except Idiosepius;  
4) Myopsida, Oegopsida and Sepiida were each monophyletic. 

Two patterns of relationships among the major decapodiform sub
clades were recovered (Fig. 2; Supplementary Materials). In the majority 
topology (recovered in 44 analyses), Myopsida and Sepiida formed a 
clade sister to Oegopsida (Fig. 2). In the minority topology, recovered in 
four analyses (standard partitioned model and UDM model analyses of 
two of the smallest matrices, the L75-A2 and L75-B2 matrices), Myo
psida was recovered as sister to Oegopsida instead of Sepiida. Re
lationships within the four decapodiform subclades represented by more 

Table 3 
Number of orthogroups (loci), characters and taxa and percentage of missing 
data for the concatenated data matrices. Values are for the loci recovered using 
the cephalopod core ortholog set.  

Matrix # Loci # Characters % Missing 

C25-A1 1404 719,229 47.72 
C25-A2 1102 586,555 50.18 
C25-B1 1375 708,188 47.45 
C25-B2 1079 577,641 49.99 
C50-A1 909 472,928 35.94 
C50-A2 659 359,367 37.30 
C50-B1 893 468,482 35.95 
C50-B2 645 355,264 37.35 
C75-A1 512 245,142 24.57 
C75-A2 357 178,394 25.37 
C75-B1 496 241,453 24.69 
C75-B2 346 175,587 25.50 
L25-A1 1242 661,283 53.46 
L25-A2 930 511,712 57.76 
L25-B1 1225 652,623 53.18 
L25-B2 916 504,440 57.55 
L50-A1 630 343,883 37.94 
L50-A2 410 231,954 41.17 
L50-B1 622 340,530 37.87 
L50-B2 406 229,896 41.06 
L75-A1 293 147,476 24.48 
L75-A2 159 88,134 27.51 
L75-B1 289 146,254 24.52 
L75-B2 154 86,268 27.57  
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than one species (Myospida, Oegopsida, Sepiida and Sepiolida) were 
consistent across all trees, with one exception. In 46 of 48 trees, Gali
teuthis, our single representative from Cranchiidae, was recovered as 
sister to Ommastrephidae, which was represented by three genera. In 
two trees, Galiteuthis was sister to a clade comprising all oegopsids 
except Ommastrephidae, though with low (~70%) bootstrap support 
(Supplementary Materials). It is noteworthy that while Galiteuthis is the 
smallest transcriptome included in this study (Table 1), previous mo
lecular studies have recovered Cranchiidae as sister to Ommastrephidae 
and/or sister to other families within Oegopsida (Lindgren, 2010; 
Lindgren et al., 2012). 

Bootstrap support for most clades was high, but examination of 
conflict (Figs. 2 and 3) showed substantial variation in the nature and 
amount of conflict among loci across nodes and data sets. All nodes in 

Octopodiformes and most nodes within the five sampled decapodiform 
subclades showed higher proportions of loci congruent with the 
concatenated majority ML topology than loci that support conflicting 
bipartitions. In relationships among the five decapodiform subclades 
(Fig. 3), the number of loci in conflict with the node present in the 
concatenated majority ML topology dwarfed the number of supporting 
loci. However, for both within and among subclade relationships, the 
number of loci supporting a given node was higher than the number 
supporting the most common alternative bipartition. Similarly, gene and 
site concordance factors were relatively high (>50) for many nodes, 
with the primary exceptions being along the decapodiform backbone 
(Fig. 2), where all gCF values were very low. 

Fig. 2. RAxML maximum likelihood phylogram for the C75-A1 data matrix. Numbers on the branches are gene concordance factors/site concordance factors. ML 
bootstrap values are all 100% except where shown (in bold text). Nodes of interest along the decapodiform backbone are marked with black circles. See text for 
analytical details. 
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3.3. Sources of conflict 

To assess potential sources of conflict, we conducted analyses 
focused on one data set (L75-B2) for which initial ML analysis returned 
the minority topology (i.e., Myopsida + Oegopsida). Recoding amino 
acids to further reduce compositional heterogeneity again returned the 
minority topology. GHOST analysis of only JTT loci extracted from this 
data set also returned the minority topology, with high (99%) bootstrap 
support for a myopsid + oegopsid clade. Analyses of sites sorted into 
inferred structural classes for the L75-B2 data set showed no obvious 
cases where different classes strongly supported alternative topologies. 
All structural classes supported a myopsid + oegopsid clade except sheet 
sites (Oegopsida + Sepiida, 46% bootstrap support) and helix sites 
(Myopsida + Sepiida, 38%). All structural classes had similar numbers of 
sites except helix (which comprised about three-quarters as many sites 
as buried, coil and exposed) and sheet sites (about one-third as many 
sites as buried, coil and exposed). Buried, sheet and helix sites had 
notably higher percentages of invariant sites than did coil and exposed 
sites. In short, analyzing a data set that initially returned a myopsid +
oegopsid topology using methods designed to minimize compositional 
heterogeneity and heterotachy did not return the majority (Myopsida +

Sepiida) topology, and exploring phylogenetic signal in different protein 
structural classes yielded no clear patterns, though analysis of helix sites 
alone did return the majority Myopsida + Sepiida topology with low 
bootstrap support. 

3.4. Hypothesis tests 

WSH tests of the similarly sized Tanner et al. data matrix and our 
C75-B1 data matrix yielded qualitatively similar results, though the 
number of trees in the credible sets and confidence sets differed sub
stantially. 11,025 trees were evaluated for the Tanner et al. data set and 
23,625 trees were evaluated for our C75-B1 data matrix, and the WSH 
test returned 90 trees as the confidence set for the Tanner et al. matrix 
and four trees as the confidence set for C75-B1. The much larger number 
of trees in the Tanner et al. matrix confidence set is suggestive of the 
comparatively low power of that matrix to discriminate topologies. 
Strict consensus trees of each confidence set were identical with respect 
to relationships among subclades—both showed a polytomy among all 
five decapodiform subclades (Fig. 4 a, b). However, the confidence set of 
trees for the WSH test of our (larger) C50-B1 data set comprised only two 
trees. In both trees, Idiosepiida was recovered as the sister to the rest of 

Fig. 3. PhyParts output for the C75-A1 data matrix, 
showing concordance and conflict among genes for 
each node on the concatenated ML topology. Pie 
chart colors are as follows: black = percentage of 
genes that are concordant with the node; dark gray 
= percentage of genes supporting the top alternative 
bipartition; white = percentage of genes supporting 
all other alternative bipartitions; light gray = per
centage of genes that are uninformative for that 
node. Asterisks denote high-conflict nodes for re
lationships among the five major decapodiform 
lineages.   
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Decapodiformes and Sepiolida was recovered as sister to a clade 
comprising Myopsida, Oegopsida and Sepiida (Fig. 4C). The two trees 
differed only in the relationships within this latter clade—in one, 
Myopsida and Oegopsida were sister taxa, and in the other, Myopsida 
and Sepiida were sister taxa, echoing our minority and majority topol
ogies and resulting in a polytomy within this clade in the strict consensus 
tree. 

4. Discussion 

4.1. Relationships among the major decapodiform subclades 

Our analyses consistently recovered a clade comprising all relatively 
large-bodied (>20 mm adult mantle length) decapodiform taxa—i.e., 
Myopsida, Oegopsida, Sepiida and Sepiolida—with Idiosepiida as sister 
to this clade, as well as a subclade comprising Myopsida, Oegopsida and 
Sepiida. Though this hypothesis of relationships had not been recovered 
prior to Lindgren and Anderson (2018), some overall patterns are coa
lescing across phylogenomic topologies within Decapodiformes. Most 
notably, Myopsida and Oegopsida appear to be derived decapodiform 
groups with respect to Idiosepiida, Sepiida and Sepiolida (Figs. 1 and 2). 
Though the current study did not include ancestral state reconstructions, 
this general finding has important implications for decapodiform evo
lution. First, the one-part corneal eye covering seen in Myopsida, Idio
sepiida, Sepiida and Sepiolida appears to be ancestral for 
Decapodiformes (though distinct from the two-part cornea seen in 
Octopodiformes) and lost in the ancestor of Oegopsida, as suggested by 
Lindgren et al. (2012). Furthermore, most species in Idiosepiida, Sepiida 
and Sepiolida are demersal, and all of these taxa (except perhaps het
eroteuthin sepiolids, whose egg-laying behavior is unknown), as well as 

all myopsid species, lay benthic eggs or egg masses (Boletzky, 1998). By 
contrast, many oegopsids are found in open-ocean habitats and produce 
pelagic egg masses or single eggs (Bjørke et al., 1997; Boletzky, 1998; 
O’Shea et al., 2004; Roberts et al., 2011; Young et al., 1985) or brood 
their eggs in their arms (Okutani et al., 1995). The status of Spirulida 
and Bathyteuthoidea in this respect is unclear—Bathyteuthis itself is a 
pelagic brooder, but the egg-laying behavior of Chtenopteryx (the other 
member of Bathyteuthoidea) remains unknown, and Spirula is assumed 
(but not known) to lay benthic eggs. All of the molecular phylogenies 
produced to date for Decapodiformes suggest a decapodiform ancestor 
that was closely associated with the benthos, particularly for repro
duction (Young et al., 1998). By contrast, oegopsids have mostly (and 
perhaps completely) lost this connection with the benthos, in an 
evolutionary transition analogous to the evolution of the amniotic egg, 
which freed a lineage of tetrapod vertebrates from returning to water to 
reproduce. 

4.2. Conflict and uncertainty 

As noted by Lindgren and Anderson (2018), extant cephalopod di
versity is likely the product of a series of ancient and rapid radiations, 
which can make phylogenetic resolution difficult even with immense 
amounts of genetic data. Previous attempts to clarify coleoid cephalopod 
phylogeny using transcriptome data (Tanner et al., 2017; Lindgren and 
Anderson, 2018) were somewhat limited, in part due to the paucity of 
data for some lineages. Tanner et al. (2017) used 129 loci that had been 
proposed as particularly suitable for metazoan phylogenetics (Philippe 
et al., 2011). Lindgren and Anderson (2018) used an orthology assess
ment approach that recovered far more loci, but some transcriptomes 
(most notably from Nautilus, Vampyroteuthis and Idiosepius) yielded far 

Fig. 4. Strict consensus trees summarizing the weighted Shimodaira-Hasegawa credible sets of trees. a) Credible set consensus for the Tanner et al. matrix; b) 
credible set consensus for the C75-B1 matrix with Galiteuthis deleted; c) credible set consensus for the C50-B1 matrix with Galiteuthis deleted. I = Idiosepiida, B =
Sepiolida (bobtail and bottletail squids), M = Myopsida, S = Sepiida, O = Oegopsida. 
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fewer orthologs than others (Lindgren and Anderson, 2018). The prob
lem of limited/missing data caused by small transcriptomes is rapidly 
fading; the smallest transcriptome used here (other than Galiteuthis) 
yielded nearly 1400 orthologs using the cephalopod ortholog set in 
HaMStR (Table 1). Fewer missing data and more loci may have 
contributed to our consistent recovery in this study of the majority to
pology (Fig. 2), but some uncertainty remains. The WSH test of the 
largest data set we tested (C50-B1) rejected all topologies except two, 
but these differed with respect to internal relationships within the clade 
comprising Myopsida, Oegopsida and Sepiida. Our analyses suggest a 
Myopsida + Sepiida sister pair, but Myopsida was sometimes recovered 
as sister to Oegopsida, and the C50-B1 WSH 95% confidence set 
included trees containing Myopsida + Oegopsida and Myopsida +
Sepiida. Furthermore, gene and site concordance factors showed sub
stantial conflict along the decapodiform backbone. Thus, though we 
believe that the phylogeny shown in Fig. 2 is the best currently available 
estimate of relationships within Decapodiformes, at minimum, re
lationships among Myopsida, Oegopsida and Sepiida remain unclear. 

4.3. Future prospects 

If morphology, fossils, mitogenomes and transcriptomes have been 
unable to resolve relationships within Decapodiformes fully and 
robustly, what next? High-quality transcriptomes from Spirula spirula 
and at least one representative of Bathyteuthoidea, as well as for addi
tional lineages within Oegopsida, are needed. However, the data 
collected to date (mitogenomes, plus some shotgun sequencing data for 
Spirula) (Strugnell et al., 2017; Tanner et al., 2017) strongly suggest that 
Spirulida and Bathyteuthoidea are closely related to Oegopsida. We 
question whether inclusion of transcriptomes from either or both of 
these taxa will greatly clarify decapodiform phylogeny, but acknowl
edge that their inclusion in future studies will be crucial for more 
rigorous hypothesis testing. 

If mitochondrial genomes and transcriptome data continue to con
flict, the obvious next step is complete genomes, sampled from at least 
one representative of the five decapodiform lineages represented here 
and, ideally, also from Spirulida and Bathyteuthoidea. Complete 
genome sequences would yield an immense amount of protein-coding 
gene data, but would also permit higher-order phylogenetic analyses 
of genome architecture such as synteny (Drillon et al., 2020; Sevillya 
and Snir, 2019), rare genomic changes (Rokas and Holland, 2000) and 
sequence string frequency (Edwards et al., 2002; Yu et al., 2005). 

The necessary data will be available soon. Complete genome se
quences are available for Octopus bimaculoides (Albertin et al., 2015), 
Euprymna scolopes (Sepiolida) (Belcaid et al., 2019) and Architeuthis dux 
(Oegopsida) (da Fonseca et al., 2020), and a genome for Doryteuthis 
pealei is forthcoming (Myopsida) (C. Albertin, pers. comm.). Genome 
sequences for representatives of Idiosepiida and Sepiida are sure to 
follow soon. Analyses of coding sequences and higher-order genomic 
features from these genomes may be necessary to clarify decapodiform 
phylogeny fully, if such clarification is possible. 

5. Availability of data and material 

The datasets generated during and analyzed in this study, custom 
scripts used in the phylogenomics pipeline and all trees are available in 
the Mendeley Data repository (https://doi.org/10.17632/v65 
ptjwd7j.1). 
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Musacchia, F., Alexander, G.C., Osório, H., Winkelmann, I., Simakov, O., 
Rasmussen, S., Rahman, M.Z., Pisani, D., Vinther, J., Jarvis, E., Zhang, G., 
Strugnell, J.M., Castro, L.F.C., Fedrigo, O., Patricio, M., Li, Q., Rocha, S., Antunes, A., 
Wu, Y., Ma, B., Sanges, R., Vinar, T., Blagoev, B., Sicheritz-Ponten, T., Nielsen, R., 
Gilbert, M.T.P., 2020. A draft genome sequence of the elusive giant squid, 
Architeuthis dux. Gigascience 9. https://doi.org/10.1093/gigascience/giz152. 

Doubleday, Z.A., Prowse, T.A.A., Arkhipkin, A., Pierce, G.J., Semmens, J., Steer, M., 
Leporati, S.C., Lourenço, S., Quetglas, A., Sauer, W., Gillanders, B.M., 2016. Global 
proliferation of cephalopods. Curr. Biol. 26, R406–R407. https://doi.org/10.1016/J. 
CUB.2016.04.002. 

Doyle, V.P., Young, R.E., Naylor, G.J.P., Brown, J.M., 2015. Can we identify genes with 
increased phylogenetic reliability? Syst. Biol. 64, 824–837. https://doi.org/ 
10.1093/sysbio/syv041. 

Drillon, G., Champeimont, R., Oteri, F., Fischer, G., Carbone, A., 2020. Phylogenetic 
reconstruction based on synteny block and gene adjacencies. Mol. Biol. Evol. 37, 
2747–2762. https://doi.org/10.1093/molbev/msaa114. 
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