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Hox and ParaHox genes (HPHGs) are key developmental genes that pattern regional 
identity along the anterior–posterior body axis of most animals. Here, we identified 
HPHGs in tadpole shrimps (Pancrustacea, Branchiopoda, Notostraca), an iconic 
example of the so-called “living fossils” and performed a comparative genomics 
analysis of HPHGs and the Hox cluster among major branchiopod lineages. 
Notostraca possess the entire Hox complement, and the Hox cluster seems to be split 
into two different subclusters, although we  were not able to support this finding 
with chromosome-level assemblies. However, the genomic structure of Hox genes 
in Notostraca appears more derived than that of Daphnia spp., which instead retains 
the plesiomorphic condition of a single compact cluster. Spinicaudata and Artemia 
franciscana show instead a Hox cluster subdivided across two or more genomic 
scaffolds with some orthologs either duplicated or missing. Yet, branchiopod HPHGs 
are similar among the various clades in terms of both intron length and number, as 
well as in their pattern of molecular evolution. Sequence substitution rates are in fact 
generally similar for most of the branchiopod Hox genes and the few differences 
we  found cannot be  traced back to natural selection, as they are not associated 
with any signals of diversifying selection or substantial switches in selective modes. 
Altogether, these findings do not support a significant stasis in the Notostraca Hox 
cluster and further confirm how morphological evolution is not tightly associated 
with genome dynamics.
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1. Introduction

Since their discovery, Hox and ParaHox genes (HPHGs) have gained an increasing 
importance in many fields of biology due to their role in animal development and their clustered 
organization in many taxa (Lemons and McGinnis, 2006; Holland, 2013; Bürglin and Affolter, 
2016). Thus, HPHGs are often among the first genes to be characterized in newly sequenced 
genomes (e.g., see Chipman et al., 2014; Baldwin-Brown et al., 2018; Jo et al., 2021), especially 
when considering taxa with specific morphological peculiarities. For example, they have been 
investigated in the coelacanth (Amemiya et al., 2010; Higasa et al., 2012), probably the most 
iconic living fossil, and the Banna caecilian (Wu et al., 2015), in search of an explanation for 
their apparent morphological stasis. However, HPHGs by themselves can hardly explain the 
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evolution of the whole genome of an organism or its morphology 
(Casane and Laurenti, 2013; Lidgard and Love, 2018), since they just 
represent the iceberg tip of morphogenetic processes (Pick, 2016). 
Within a comprehensive and coherent biological framework, HPHGs 
are nevertheless interesting candidates to gain better insights on 
genome evolution and can shed light on many evolutionary processes. 
For example, the vertebrate Hox complement was part of the 
empirical evidence that supported the hypothesis of multiple-round 
genome duplications in this clade (Taylor et  al., 2003; Dehal and 
Boore, 2005).

Like the coelacanth, Notostraca (tadpole shrimps) have been 
repeatedly regarded as living fossils (e.g., Fryer, 1988; Suno-Uchi et al., 
1997; Gall and Grauvogel-Stamm, 2005; Ikeda et al., 2015) because of 
their morphological and ecological stasis (Gueriau et al., 2016), and 
their ancient origin which dates back to the Permian (Gand et al., 1997). 
However, recent molecular phylogenetic and time tree analyses (Mathers 
et al., 2013), as well as comparative genomic studies (Savojardo et al., 
2019; Luchetti et  al., 2021), have questioned the status of tadpole 
shrimps as living fossils. In fact, at the molecular level, the clade shows 
highly dynamic gene families and high levels of transposable element 
turnovers, as well as a heterogeneous landscape of protein-coding gene 
substitution rates (Luchetti et al., 2021). Generally speaking, the concept 
of “living fossil” (i.e., evolutionary stasis) can be  problematic when 
applied a-priori to every aspect of the biology of certain organisms and 
can lead to erroneous interpretations of data (Casane and Laurenti, 
2013). In fact, there is no reason to expect a shared pattern of 
evolutionary change between different traits, as already proved by many 
works (e.g., Hay et al., 2008; Mathers et al., 2013; Luchetti et al., 2021). 
Even in the case of a species exhibiting a generally slow rate of 
morphological evolution, we should not expect that the same holds for 
the genomes as well, as the two patterns are not so tightly linked (Casane 
and Laurenti, 2013; Lidgard and Love, 2018).

In this study, we provide the first insight into HPHGs of six tadpole 
shrimp species from the genera Triops and Lepidurus, and the first 
comparative analysis among major branchiopod clades. To date, HPHGs 
have been investigated in Cladocera (Kim et al., 2018), in the clam 
shrimp Eulimnadia texana (Baldwin-Brown et al., 2018) and in the brine 
shrimp Artemia franciscana (Averof and Akam, 1993), while no records 
are found for Notostraca. Thus, we also aim at increasing our knowledge 
on differences and similarities of these peculiar crustaceans by 
investigating molecular evolution of their HPHGs.

2. Materials and methods

2.1. HPHG and eve ortholog identification

A total of 12 branchiopod genome assemblies were obtained from 
NCBI [Accessed on September 2021; Daphnia magna, Daphnia pulex, 
Eulimnadia texana, Leptestheria dahalacensis, Lepidurus apus lubbocki, 
Lepidurus apus apus, Lepidurus couesii, Lepidurus arcticus, Triops 
longicaudatus, Triops cancriformis from Espolla, Spain (ES; bisexual 
population) and Triops cancriformis from Novara, Italy (IT; 
parthenogenetic population)] and from the Korea Polar Research 
Institute (https://antagen.kopri.re.kr/project/genome_info_iframe.
php?Code=AF01; accessed on September 2021; Artemia franciscana; 
Supplementary Table S1). The springtail Folsomia candida (NCBI acc. 
no. GCF_002217175.1; Faddeeva-Vakhrusheva et al., 2017) and the fruit 
fly Drosophila melanogaster (NCBI acc. no. GCF_000001215.4; Hoskins 

et al., 2015), which are two of the best characterized hexapod genome 
assemblies, were selected as the outgroups.

All the HPHG sequences which are deposited on HomeoDB (http://
homeodb.zoo.ox.ac.uk/; accessed on September 2021; Zhong and 
Holland, 2011) were downloaded and used to build a reference dataset. 
Additionally, all the even-skipped (eve) available sequences were 
included in the dataset to set an outgroup in the subsequent 
phylogenetic analysis.

Hox and ParaHox gene and eve candidates in branchiopods and the 
springtail were searched using BLASTP v2.10.1+ (Camacho et al., 2009) 
with an e-value of 10−5. The resulting best-hit sequence identities were 
then checked against the proteomes of D. melanogaster and D. pulex 
with the same parameters as before. Each HPHG/eve ortholog was then 
inspected for the presence of the essential homeodomain (HD) using 
RPS-BLAST v2.10.1+ against the Conserved Domain Database.

In case of missing HPHG candidates, Exonerate v2.4.0 (Slater and 
Birney, 2005) with the protein2genome model and intron maximum 
length set to 40 kb was used to scan the whole genome assembly to 
search for unannotated sequences. The longest CDS for each HPHG was 
then selected and checked for the presence of the homeobox. Protein 
sequences were subsequently predicted using EMBOSS Transeq v6.6.0.0 
(Rice et al., 2000).

A maximum likelihood (ML) phylogenetic analysis on all sequences 
was performed to further confirm the identity of HPHGs and eve 
orthologs. Sequences were aligned with MAFFT v7.453 (Katoh and 
Standley, 2013), by also incorporating protein structural information as 
provided by the DASH database (Rozewicki et  al., 2019), and then 
trimmed using trimAl v.1.4.rev15 (Capella-Gutierrez et al., 2009) with 
a gap threshold of 40%. The phylogenetic tree was built using IQ-TREE 
v2.1.2 (Nguyen et al., 2015) with automatic model selection and 1,000 
ultrafast bootstrap replicates.

Hox and ParaHox gene locations and structures (i.e., intron number 
and lengths, intergenic space lengths, and transcriptional orientation) 
were obtained by directly analyzing the genome annotation files. 
Concerning A. franciscana, whose annotation file was not available at 
the time of these analyses, HPHG locations and structures were inferred 
by aligning the coding sequences back to the genome using Exonerate 
with the coding2genome model and the same parameters as before. The 
Kruskal-Wallis test followed by the pairwise Wilcoxon test with the 
Bonferroni correction were performed to look for significant differences 
among species in intron and intergenic space lengths. A regression 
analysis between genome and Hox cluster sizes was performed in species 
where Hox genes are spread in maximum two clusters, namely Daphnia 
spp., E. texana, L. apus apus, L. arcticus, and T. longicaudatus. The Hox 
cluster lengths were calculated considering two separate clusters for 
E. texana and the three Notostraca.

2.2. Molecular evolution of Hox and ParaHox 
genes

For molecular evolution analyses, nucleotide alignments were 
obtained with PAL2NAL v14 (Suyama et al., 2006) and trimmed with 
trimAl to remove all gaps.

Relative rate test (RRT) analysis was performed using RRTree 
v1.1.11 (Robinson-Rechavi and Huchon, 2000) on both amino acid and 
nucleotide alignments. RRT analysis was first performed considering 
A. franciscana, Onychocaudata (Daphnia spp., E. texana, and 
L. dahalacensis), and Notostraca (Triops spp. and Lepidurus spp.) as 
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tested groups, with F. candida as the outgroup. In a second analysis, RRT 
was run on the pairs Cladocera (Daphnia spp.) + Notostraca, and 
Spinicaudata (E. texana and L. dahalacensis) + Notostraca, in order to 
unveil which Onychocaudata was responsible for the differences in 
substitution rates.

Selection analyses were carried out considering the dN/dS ratio and 
using the tests implemented in the HyPhy v2.5.8 package (Kosakovsky 
Pond et al., 2005). Gene trees were built on nucleotide alignments using 
IQTREE as described before. Both RELAX (Wertheim et al., 2015) and 
aBSREL (Smith et al., 2015) were run to investigate selective modes. The 
former tests whether any differences in selection strength can 
be detected in a set of branches (test) with respect to another set of 
branches (reference) in a phylogenetic tree, while the latter looks for 
signs of natural selection across each branch of a predetermined set. 
Therefore, considering that only Notostraca and Cladocera were 
systematically retrieved as monophyletic groups in all the HPHG trees, 
RELAX was performed to investigate selective patterns between the two, 
with Cladocera set as reference group and Notostraca set as test group. 
The aBSREL analysis was instead performed on all terminal branches of 
the trees.

2.3. Hox-cluster associated miRNAs

miR-993, miR-10, and the pair miR-iab-4 and miR-iab-8 (miR-iab-
4/8, which produce sense and antisense transcripts at the same locus, 
respectively) are all generally found in conserved positions within 
arthropod Hox clusters (Pace et al., 2016), that is, between the pairs 
Hox3 + dfd, dfd + scr and abd-A + abd-B, respectively. miRNA sequences 
were retrieved from NCBI (Supplementary Table S2) and used in a 
BLASTN search to find their own orthologs in the brachiopod genomes. 
Resulting sequences were then aligned with the MAFFT Q-INS-i 
method, trimmed and used to infer a phylogenetic tree as previously 
described; miR-196 sequence was used to root the tree. The tree topology 
was constrained to have monophyletic miRNA families and a Kishino-
Hasegawa (KH; Kishino and Hasegawa, 1989) tree topology test against 
the unconstrained topology was performed using IQTREE.

3. Results

3.1. Hox and ParaHox genes in branchiopods

All the 10 canonical Hox genes of the ancestral arthropod Hox 
cluster [labial (lab), proboscipedia (pb), Hox3, deformed (dfd), sex combs 
reduced (scr), fushi tarazu (ftz), antennapedia (antp), ultrabithorax (ubx), 
abdominal-A (abd-A), and abdominal-B (abd-B); Chipman et al., 2014] 
were successfully retrieved as single copies in tadpole shrimp genomes. 
Of the three genes belonging to the ParaHox complement [Intermediate 
neuroblasts defective (ind), Pancreatic and duodenal homeobox 1 (Pdx), 
and caudal (cad)], cad alone was found in tadpole shrimps (Figure 1; 
Supplementary Figure S1; Supplementary Table S3).

One ortholog per each Hox gene and one ortholog of the ParaHox cad 
were found in Cladocera genomes, consistently with previous works (Pace 
et al., 2016; Kim et al., 2018). All the HPHGs already annotated in the 
source genome were confirmed in our analyses, with the exception of the 
D. magna Hox3 gene (NCBI acc. no. XP_032795265.1), which was found 
to be mis-annotated (Supplementary Table S4). In fact, comparing this 
sequence against the entire NCBI non-redundant protein database returns 

no match with Hox3 orthologs from other organisms; additionally, this 
sequence falls in a different genome scaffold than the one hosting the Hox 
cluster. Our analysis, in fact, suggested another amino acid sequence as a 
Hox3 ortholog (NCBI acc. no. XP_032785561.1). The mis-annotation 
probably arose because this latter sequence brings two additional protein 
domains downstream from the HD, namely a SPRY domain and a SOCS 
box. After having aligned this sequence with other Daphnia Hox3 
orthologs (NCBI acc. nos. AUX14965.1 and EFX86809.1), the poorly 
aligned terminal part bearing the additional domains (from position 639 
to the end) was removed. The resulting sequence matched with other 
known Hox3 orthologs in the NCBI non-redundant protein database and 
fell within the D. magna Hox cluster in the canonical position, that is, 
between pb and dfd (Figure 1). Thus, we discarded the previously annotated 
XP_032795265.1 and kept XP_032785561.1 as Hox3 in D. magna.

The Spinicaudata Hox cluster composition appeared far more 
different than those found in Cladocera and Notostraca (Figure 1). In 
fact, five genes are represented by multiple copies (i.e., lab and dfd from 
E. texana, and lab, ftz, and abd-B from L. dahalacensis) while four genes 
are completely missing (i.e., ubx and abd-B from E. texana, and Hox3 
and antp from L. dahalacensis). Most of the E. texana Hox genes found 
in this work were consistent with those previously identified (Baldwin-
Brown et al., 2018), while some others were not (Supplementary Table S4). 
According to the phylogenetic analysis and on the basis of the relative 
position of genes along the scaffolds (Figure 1), the presently identified 
(i) C0007.g29.t1 (previously annotated as pb) is considered as Hox3, (ii) 
C0007.g25.t1 (previously dfd) is considered as scr, (iii) C0007.g24.t1 
(previously either dfd or scr) is considered as ftz, and (iv) C0002.g604.t1 
(previously as abd-A) is considered as antp. Spinicaudata also showed 
cad as the only representative of the ParaHox complement.

In the genome of A. franciscana, Hox gene cluster composition 
appeared rather conserved and most of HPHGs have been retrieved 
(Figure 1). The antp gene has been found with two paralogs at first, while 
ftz was missing. Interestingly, one of the two antp paralogs (Art-17267) 
clustered into the ftz clade in the ML phylogeny (Figure 1A). Actually, 
Heffer et al. (2010) successfully investigated ftz in Artemia salina and 
Averof and Akam (1993) found just one antp paralog in A. franciscana. 
Accordingly, the alignment between the presently-determined antp 
putative paralogs (Art-13755 and Art-17267), ftz from Heffer et  al. 
(NCBI acc. no. ADQ27867.1), and antp from Averof and Akam (NCBI 
acc. no. CAA49682.1) showed that (i) Art-13,755 hosts an antp-like HD 
while (ii) Art-17267 hosts a ftz-like HD. In particular, this latter HD has 
the amino acid N-terminal motif that distinguishes ftz from 
all the other Hox proteins, namely KR(T/S)RQ(T/S)Y(T/S)(R/K) 
(Supplementary Figure S2; Heffer et al., 2010). Also, Art-17,267 (ftz) is 
found downstream scr (Art-17271), that is, in the expected position 
according to the canonical order of arthropod Hox genes (Chipman 
et  al., 2014). These findings led us to consider Art-17267 as a ftz 
ortholog (Supplementary Table S4). For what concerns ParaHox genes, 
A. franciscana exhibits both cad and ind.

Overall, HPHG groups are monophyletic with maximum support 
with the exceptions of Hox3 and ftz (Figure 1A), which are commonly 
recognized as rogue Hox genes in other relevant studies (see 
the Discussion).

3.2. Hox cluster structure in branchiopods

In three out of seven tadpole shrimp specimens (namely L. apus 
apus, L. arcticus and T. longicaudatus), Hox genes fall into two different 
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scaffolds, one harboring lab and pb genes (the anterior paralogy group, 
APG), while the other harbors all the remaining Hox genes (the central/
posterior paralogy group, CPPG; Figure 1B). In the remaining four 
tadpole shrimp specimens (namely L. apus lubbocki, L. couesii, 
T. cancriformis ES, and T. cancriformis IT), Hox genes are spread among 
more than two scaffolds, albeit the APG is never found together with the 
CPPG. In addition, cad orthologs always fall in separate scaffolds. 
Cladocera show a single Hox gene cluster coupled with the ParaHox 
gene cad, which is found downstream abd-B, while in Spinicaudata and 
A. franciscana HPHGs are scattered across two or more genome scaffolds.

Intergenic region lengths between contiguous Hox genes are 
overall homogeneous among branchiopods (Kruskal-Wallis test 
χ2 = 12.903, p = 0.167; Figure 2A; Supplementary Figure S1). Similarly, 
intron numbers (Table  1) and lengths (Figure  2B) do not differ 
significantly, except for the pair A. franciscana and L. dahalacensis 

(Kruskal-Wallis test: χ2 = 23.703, value of p = 0.01404; Wilcoxon test: 
p = 0.029). However, when considering intergenic regions, their lengths 
might be  underestimated in tadpole shrimps, E. texana and 
A. franciscana as they possess a split Hox cluster. In Notostraca, in 
particular, if assuming that APG and CPPG scaffolds are contiguous 
and that the Hox genes keep their prototypical order, the space 
between pb and Hox3 would range from at least ~55 kb in L. arcticus 
to ~279 kb in T. longicaudatus (Figure  2C), far higher values than 
those observed in Daphnia (~15 kb).

All the four Hox-cluster associated miRNAs were found in most of 
the species analyzed in this work (Figure 1; Supplementary Table S5). 
The gene for miR-993 is missing from the D. magna genome assembly 
but this could be likely due to an assembly artifact, since miR-993 was 
retrieved in previous D. magna sequencing works (Hearn et al., 2018; 
Coucheron et al., 2019). Both E. texana and L. dahalacensis are lacking 

A

B

FIGURE 1

Maximum likelihood (ML) phylogenetic tree (A) and cluster organization (B) of Hox and ParaHox genes (HPHGs) in branchiopod crustaceans. (A) HPHGs are 
each highlighted in a different color. The phylogenetic tree has been rooted using eve as the outgroup. Each tip shows the species ID as in 
Supplementary Table S1, the gene accession number as in Supplementary Table S3 and the gene ID. Nodes with support values ≥85 are marked with a solid 
circle. HPHG names are shown around the tree and asterisks mark non-monophyletic groups. (B) Each row corresponds to a different surveyed genome 
and HPHG presence is represented by colored boxes. HPHGs are all oriented in the same transcriptional direction, i.e., from right to left; miRNAs are 
represented by black vertical lines. A phylogenetic tree of the species is shown on the left with indication of the major branchiopod clades. Hox cluster 
paralogy groups (anterior, central, and posterior) are shown on the top. HPHGs that are hosted within the same genomic scaffold are connected by a gray 
line. Note that intergenic spaces are not at scale (see Supplementary Figure S1 for a scaled representation of HPHG clusters).
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miR-993 as well, and the latter is also lacking miR-10. The phylogenetic 
analysis on miRNA genes shows monophyletic miR-10 and miR-iab-4/8 
and a paraphyletic miR-993 (Supplementary Figure S3A). However, 

when constraining the monophyly of the miRNA groups, the KH tree 
topology test accepted the constrained topology as equally likely 
(deltaL = 2.387; p = 0.322; Supplementary Figure S3B).

FIGURE 2

Intergenic region, intron and Hox cluster lengths in Branchiopoda. Boxplots in (A,B) summarize the values of intergenic regions and introns length of 
branchiopod Hox genes. Introns values are drawn from all surveyed genomes, while intergenic region lengths are drawn from all genomes except the two 
highly fragmented genomes of Leptestheria dahalacensis and Lepidurus apus lubbocki. Barplots in (C) summarize the Hox cluster lengths for genomes with 
Hox genes spread in maximum two clusters (scaffolds). Striped areas show the increase in length assuming that Notostraca APG and CPPG are contiguous 
and that the Hox genes keep their prototypical order. Length values are shown above each barplot. The scatterplot in (D) shows the correlation between 
genome and Hox cluster sizes for species as in (C); note that cluster lengths in (D) for Triops longicaudatus, Lepidurus apus apus, and Lepidurus arcticus 
refer to the split condition of the Hox cluster, thus not considering that APG and CPPG are contiguous. Species IDs are the same as in 
Supplementary Table S1.

TABLE 1 Number of introns (first value) and protein length (second value) of HPHGs.

Species lab pb Hox3 dfd scr ftz antp ubx abd-A abd-B ind cad

Artemia franciscana 7/532 1/292 1/162 1/183 5/444 1/127 2/112 6/393 5/382 2/141 2/189 3/160

Daphnia magna 1/582 1/852 2/965 1/462 4/444 1/422 1/629 1/369 2/376 1/479 - 2/570

Daphnia pulex 1/592 1/887 2/742 1/469 5/442 1/430 1/657 1/380 2/385 1/484 - 2/564

Eulimnadia texana 2/110|1/439 1/620 1/444 1/233|3/408 1/157 1/439 1/497 - 1/152 - - 3/475

Leptesteria dahalacensis 4/358|1/132 1/601 - 1/382 1/371 1/242|1/117 - 2/166 5/496 1/349 - 2/127

Lepidurus apus lubbockii 1/493 1/703 1/542 1/519 1/435 1/411 1/82 1/107 0/182 1/148 - 3/458

Lepidurus apus apus 1/491 1/722 1/516 1/511 1/436 1/419 1/602 1/351 2/376 2/574 - 2/436

Lepidurus arcticus 1/492 1/724 1/515 1/510 1/435 1/418 1/601 1/424 2/377 2/574 - 9/512

Lepidurus couesii 1/492 1/592 1/516 1/511 1/435 1/418 1/603 1/350 2/377 2/573 - 2/439

Triops longicaudatus 1/522 1/689 1/547 1/508 2/278 1/415 1/577 1/108 2/394 2/527 - 2/432

Triops cancriformis IT 1/155 1/684 1/543 1/476 2/237 1/405 1/587 1/102 1/337 1/547 - 2/432

Triops cancriformis ES 1/523 1/249 1/543 1/475 1/412 1/405 1/588 1/102 1/337 1/547 - 2/404

Multiple copies are separated by a vertical bar and they are reported in the same order as in Supplementary Table S3 (“-” = absent genes).
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FIGURE 3

Hox and ParaHox gene maximum likelihood gene trees. Each tree is rooted using Folsomia candida as outgroup. Bootstrap values are shown at nodes. 
Branchiopod monophyletic groups are highlighted on the right side of each tree (Cl.: Cladocera; Sp.: Spinicaudata).

3.3. Hox and ParaHox gene molecular 
evolution

Phylogenetic reconstructions of each HPHG tree returned 
consistently both Cladocera and Notostraca as monophyletic groups, 

while monophyletic Spinicaudata were retrieved just in pb, ftz, abd-A, 
and cad gene trees (Figure 3).

The RRT analysis showed that A. franciscana lab, Hox3 (both at the 
nucleotide and amino acid level, NT + AA) and ubx (only at the nucleotide 
level, NT) have higher substitution rates (p < 0.005) with respect to 
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Onychocaudata. The same pattern holds for lab (NT + AA) and Hox3 (NT) 
with respect to Notostraca. Conversely, Onychocaudata have higher 
substitution rates (p < 0.005) in lab (NT + AA) and abd-A (NT) with respect 
to Notostraca (Supplementary Table S6). The aBSREL analysis found 
evidence (p < 0.05) of episodic diversifying selection in T. longicaudatus scr 
and in one L. dahalacencis abd-A (Supplementary Table S7). When 
comparing Notostraca to Cladocera, RELAX found instead evidence 
(p < 0.05) of relaxed selection (K < 1) in lab, dfd, and abd-B and of intensified 
selection (K > 1) in scr and cad (Supplementary Table S8).

4. Discussion

In this work, we report the first characterization of HPHGs in tadpole 
shrimps, and we present a comparative analysis with other branchiopods. 
Generally, orthology relationships proved to be very neat and with highly-
supported monophyletic clades, even in groups with gene duplications, 
such as lab, dfd, and abd-B. Hox3 and ftz were the only exceptions and 
resulted in non-monophyletic groups. Interestingly, in many hexapod 
lineages these two genes have been recognized as rogue Hox genes since 
both have gained non-homeotic functions: for example, zerknüllt (zen) and 
zerknüllt-2 (zen2) are expressed in extra-embryonic tissues during 
development of many insect lineages, including the fruit fly (Hughes et al., 
2004), while bicoid (bcd) is a maternal morphogen in cyclorrhaphan flies 
(Stauber et al., 1999, 2002); ftz is instead a pair-ruled gene both in insects 
and non-insect hexapods (Hughes et  al., 2004). Concerning other 
crustaceans, Hox3 and ftz retain their homeotic expressions in D. pulex 
(Papillon and Telford, 2007), while in the barnacle Sacculina carcini 
(Mouchel-Vielh et al., 2002) and in the brine shrimp A. salina (Heffer et al., 
2010) ftz has lost its homeotic role and is expressed in the central nervous 
system. These gains of functions are also reflected in the divergent 
sequences of their HDs and regulatory amino acid motifs (Stauber et al., 
1999; Hughes et al., 2004; Pick, 2016; Liu et al., 2018): this may be the case 
also for some branchiopod orthologs and may affect their phylogenetic 
placement. However, until functional essays for Hox3 and ftz are performed 
in branchiopods, no further speculation on their function can be made.

Concerning the Notostraca HPHG complement, all genomes 
considered here show a single copy of each of the 10 arthropods’ canonical 
Hox genes, as well as a single copy of the ParaHox gene cad. The Hox 
location in the genome assemblies suggests that the Hox cluster may be split 
into two subclusters, one including the APG and one including the CPPG, 
as they are never found together. This suggests that either there is a very long 
intergenic region separating the two clusters or the Hox cluster is somehow 
structurally rearranged. The fragmented Hox clusters of L. apus lubbocki, 
L. couesii and T. cancriformis (as well as the one from the spinicaudatan 
L. dahalacensis) can possibly be  traced back to assembly artifacts, as 
suggested by their N50 values (Supplementary Table S1). Among 
non-notostracan taxa, the only difference in the Hox cluster repertoire can 
be observed in the two Spinicaudata species, which show several gene 
duplications and losses. The A. franciscana situation is also of particular 
interest, since it is the only branchiopod which retains an ortholog of the 
ParaHox gene ind in our analysis. Data about ParaHox genes in Pancrustacea 
are generally lacking and, consequently, it will be of great evolutionary value 
to survey the ParaHox gene complement in other Pancrustacea species, in 
order to determine whether ind is absent only in Phyllopoda or also in other 
lineages. In comparison, the ParaHox gene Pdx is missing in all 
branchiopods investigated in this study, in agreement with its absence from 
the majority of other surveyed Ecdysozoa (Chipman et al., 2014).

Overall, tadpole shrimps show very small genome sizes among 
Pancrustacea (~107.5 Mb; Jeffery, 2015), yet their genomes appear highly 

dynamic in terms of molecular evolution, as indicated by the rate of gene 
family expansion/contraction and the content of transposable elements 
(Luchetti et al., 2021). Correspondingly, the Hox cluster seems to have 
rearranged in Notostraca with respect to the ancestral condition in 
arthropods, as indicated by the putative split between the APG and the 
CPPG. Thus far, we cannot detect any strong positive correlation between 
the genome and the Hox cluster size in Branchiopoda (r2 = 0.00019, 
Figure 2D), as instead Kim et al. (2021) proposed for copepods. As a 
matter of fact, in Daphnia, whose genomes are 2–3 times bigger than 
those of Notostraca (~215–479 Mb; Gregory, 2022), the Hox cluster 
retains the arthropod ancestral organization, with just one compact 
group of Hox genes (Pace et al., 2016; Kim et al., 2018). Conversely, both 
E. texana and L. dahalacensis, whose genome sizes are comparable to 
those of Notostraca (120.5 and 103.5 Mb, respectively, as inferred by 
Baldwin-Brown et al. (2018), and Luchetti et al. (2021)), seem to possess 
a Hox gene cluster rearranged with multiple gene duplications and losses. 
Artemia franciscana, whose genome is the biggest among the analyzed 
branchiopods (938 Mb; Jo et al., 2021), shows the complete set of Hox 
genes scattered through different genome scaffolds.

Comparative genomics among notostracans and other branchiopods 
retrieved a generally low substitution rate of tadpole shrimp genomes 
compared to Artemia or Onychocaudata. On the other hand, it was also 
shown that this trend does not hold true for all the genes analyzed (Luchetti 
et al., 2021). In this study, we concordantly found that HPHGs generally 
share similar substitution rates among branchiopods, with just few 
exceptions in which A. franciscana shows the highest values and Notostraca 
the lowest. However, these observed differences in substitution rates cannot 
be directly linked to diversifying selection since it has not been detected 
consistently by aBSREL. Conversely, the differences in selective pressures 
between Cladocera and Notostraca found by RELAX seemingly have not 
affected the substitution rates in these clades: the RRT analyses showed that 
the differences in substitution rates between Notostraca and 
Onychocaudata can be  ascribed to Spinicaudata alone, rather than to 
Cladocera. These findings suggest that differences in substitution rates are 
more likely determined by local molecular mechanisms and/or specific 
life-history traits rather than by natural selection (Luchetti et al., 2021). For 
example, it has been shown that halophilic micro-crustaceans, including 
Artemia, exhibit an accelerated substitution rate in certain genes compared 
to their freshwater counterparts (Hebert et al., 2002). Similar factors may 
explain the consistent higher substitution rates of A. franciscana both in 
some HPHGs and in most of its protein coding genes.

Altogether, these genome dynamics in branchiopods further 
challenge the foggy association between morphological and molecular 
evolution, especially in the so-called “living fossils.” The two processes 
appear clearly unlinked (Casane and Laurenti, 2013) and trying to explain 
the rate of morphological change by just studying the rate of sequence 
change might be misleading, in particular when taking in consideration 
just a small set of genes. Furthermore, considering the HPHG sequence 
evolution as a proxy of the rate of morphological change might 
be deceiving, as the evolution of HPHGs is determined not only by the 
evolution of their raw sequences but also by the (co-)evolution of the gene 
regulatory networks they are part of (Pick and Heffer, 2012). In this sense, 
the fact that some animals may actually exhibit a certain degree of 
morphological stasis in relation to their closest kin should not be the 
reason for a priori expectation of any comparable degree of molecular 
stasis in their genomes (Casane and Laurenti, 2013), but instead should 
highlight open biological questions in need of an explanation (Lidgard 
and Love, 2018). A clear example of this comes from horseshoe crabs 
(Chelicerata, Xiphosura), another well-known example of living fossils 
(Mathers et  al., 2013; Lidgard and Love, 2018). Recent comparative 
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genomic surveys on this arthropod lineage have revealed that their long-
term morphological stability is not associated with a comparable degree 
of genomic and molecular stasis, since multiple rounds of whole-genome 
duplications and subsequent gene family expansions have been detected 
(Kenny et al., 2016; Shingate et al., 2020). Their Hox gene complement is 
indeed present in multiple copies in the genomes of lineage members. 
They have experienced several events of sub-functionalization and 
pseudogenization of paralogs, suggesting again that genomic and 
morphological evolutionary patterns are not necessarily directly linked 
(Kenny et al., 2016). A similar situation is also present in Branchiopoda. 
Besides Notostraca, also Anostraca and Spinicaudata show a certain 
degree of morphological and ecological stasis (Gueriau et al., 2016), while 
Cladocera are the most diverse and successful clade among branchiopods 
(Lindholm, 2014). However, in terms of genomic organization, Cladocera 
exhibit a Hox cluster that is likely the most similar to that of the ancestral 
arthropod or, in other words, the most static one. Also, differences in 
branchiopod morphological evolution are not reflected in comparable 
differences in the molecular evolution of HPHGs.

Tadpole shrimps thus represent an excellent case study, for they fall 
within a hotspot of the arthropod tree of life in which phylogenetic 
relationships are still debated (Schwentner et al., 2017, 2018) and, together 
with their closest relatives, prove to be valuable model organisms to study 
the relationships between genome evolution and other life history traits. 
Often regarded as living fossils, Notostraca undoubtedly show outstanding 
morphological and ecological stasis compared to their fossil forms 
(Gueriau et al., 2016), but the same does not hold true for their genome as 
a whole. For example, according to the present study, their Hox cluster 
seems to have experienced a structural rearrangement, that is, either a 
putative split between the APG and the CPPG or a sensible increase of the 
reciprocal distance along the chormosome has occurred. In the future, it 
would be of primary importance to—literally—fill the gap in this putative 
split nature of the Hox cluster by generating highly contiguous reference 
genomes, which would allow comparative analyses at the intergenic level 
and shed light on the evolution of regulatory sequences. Providing high-
quality genomic resources for other Branchiopoda species is also 
fundamental to unravel the mechanism underlying the outstanding 
biological and life history trait diversity of this tiny clade of crustaceans: 
for example, it would be useful to include non-Daphnia Cladocera and 
other Anostraca species in such comparative studies which may reveal 
more peculiar genome and HPHG dynamics. Hopefully, this 
characterization of HPHGs in novel branchiopod species, together with 
growing comparative data from other Pancrustacea lineages (e.g., Jaramillo 
et al., 2022), will also empower functional studies on these organisms to 
better understand how the evolution of HPHG sequences and regulatory 
pathways may have contributed to the diversification of Pancrustacea body 
plans and genome architectures.
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SUPPLEMENTARY FIGURE S1

Genomic organization of HPHGs and associated miRNAs in branchiopod 
crustaceans. Each row corresponds to a different surveyed genome. HPHGs, 
each highlighted with a different color, are all oriented in the same 
transcriptional direction, i.e., from right to left. HPHGs that are hosted within 
the same genomic scaffold are connected by a gray line. In addition to HPHGs, 
miRNAs are also shown (993: miR-993; 10: miR-10; 4/8: miR-iab-4/8). A 
phylogenetic tree of the species is shown on the left, with indication of the 
major branchiopod clades. The scale bar is shown at the bottom.

SUPPLEMENTARY FIGURE S2

Multiple sequence alignments and sequence logos of HDs from (A) ftz and 
(B) antp orthologs. In both (A) and (B), A. franciscana sequences from this study 
are compared to A. salina from Averof and Akam (1993) (NCBI acc. no. 
ADQ27867.1) and A. franciscana from Heffer et al. (2010) (NCBI acc. no. 
CAA49682.1), respectively. In (A), the amino acid residues that distinguish ftz 
from all the other Hox proteins are marked above with asterisks.

SUPPLEMENTARY FIGURE S3

ML phylogenetic tree of the Hox cluster associated miRNAs with unconstrained 
(A) and constrained (B) topology. miRNA groups are highlighted on the right of 
each tree. The paraphyletic miR-993 in (A) is marked with an asterisk. Tip IDs 
are the same as in Supplementary Table S2.
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