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A major research field in evolutionary developmental biology is the origin of the central nervous system, shared 
by most animals with a bilateral symmetry (bilaterians). For its phylogenetic position and slow-evolving 
characteristics, the annelid Platynereis dumerilii has become a simple system to unveil the last common 
ancestor of bilaterians (Urbilateria). It has mushroom bodies (MBs), a presumed sensory-associative brain 
center homologous to the vertebrate pallium that might display ancestral features. In this work, the role of Arx, 
a homeodomain transcription factor specifically expressed in developing MBs, was studied. A CRISPR-Cas9-
mediated knockout of Arx was established after trying different gRNAs with Cas9 mRNA or protein at various 
concentrations. Two experimental conditions induced mutations that varied between deletions of up to 9 base 
pairs and insertions of up to 21 base pairs around the downstream end of Arx homeobox. The estimated 
mutation rate was ~30%. Immunohistochemical analyses of the associated morphological phenotype were 
started, yet with inconclusive results. This is an important step towards understanding Arx role in MB 
development, opening the door to the establishment of an Arx mutant line. Additionally, head neuronal 
responses to dopamine, phenylacetaldehyde and putrescine at 1 mM were studied on a single 6-day-old larva 
ubiquitously expressing the fluorescent calcium indicator GCaMP6s, after immobilization on a microfluidics 
chip, testing the hypothesis that MBs are chemosensory. MBs might be activated by phenylacetaldehyde and 
putrescine, but no stronger conclusions could be drawn. This experiment showed it is possible to do multiple 
chemical tests on a single chip without contamination of the other inflow currents. 
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1 Introduction 

1.1 The origin of the central nervous system 

The origin of the central nervous system is still a 
major topic in evo-devo, the science of how 
developmental processes change over time, before 
producing new phenotypes 1. Central nervous systems 
are found in most animals with a bilateral symmetry 
(bilaterians), including deuterostomes (e. g. humans, 
mice and zebrafish), ecdysozoans (e. g. flies, 
nematodes, honeybees) and lophotrochozoans (e. g. 
annelids and mollusks), thought to share a 
hypothetical common ancestor, dubbed 
Urbilateria 2,3. The comparison of extant animals 
representative of the different bilaterian lineages is 
essential to reconstitute key steps in the evolution of 
the central nervous system 1,4.  

1.2 P. dumerilii: a neuro-evo-devo model 

The best-understood model organisms are fast-
evolving, more evolutionary-derived 5,6 and belong to 
Deuterostomia or Ecdysozoa clades, neglecting the 
contribution of the whole Lophotrochozoa group 7. 
Within the latter, the marine annelid Platynereis 
dumerilii has emerged as a simple neurobiological 
model, adequate to address evo-devo questions. 
P. dumerilii has genes more conserved with their 
vertebrate homologues than with those of 
ecdysozoans 8, its gene structure and sequence 9 and 
cell type complement 10,11 are less derived, suggesting 

that it keeps more ancestral features than other 
model organisms 12,13. Furthermore, it is amenable to 
a broad range of techniques. Thousands of eggs can 
be easily obtained, the larvae are transparent and 
have a stereotypic and synchronized development 
until 6 days post fertilization (dpf) 7. Its central nervous 
system develops early on its life, allowing the 
observation of complex behaviors and a cellular 
understanding of the system 14.  

1.3 6 dpf as a reference stage 

P. dumerilii ontogeny has been described 7,15. Its 
lifecycle comprises a pelagic and a benthic phase. 
During the former, the animals are in a larval state and 
swim freely. After 66 hours post fertilization (hpf), 
they enter the nectochaete stage and begin to 
resemble adults. At 6 dpf, the digestive tract is 
functional and the larvae can feed on detritus and 
algae. The settlement metamorphosis started before 
is completed and the lifestyle becomes fully benthic. 
From then on, the development is no longer 
synchronous and stereotypical between animals. 
Several anatomical modifications continue to take 
place. The jaws grow rapidly, antennae elongate, 
palps form on both sides of the mouth opening, ciliary 
bands start to get abolished and larva-specific 
structures are lost. At the same time, the central 
nervous system is well-developed, including a brain 
and a ventral nerve cord, which is split into two 
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parallel columns. The larvae already possess a vast 
number of mechano- and chemosensory structures, 
despite their small size. They resemble tiny adult 
worms with around 8000 cells 16 and are still 
transparent. Consequently, 6 dpf has emerged as a 
reference stage in multiple recent studies exploring 
whole-organism gene expression patterns 16 and 
chemosensation 17. 

1.4 Mushroom bodies in P. dumerilii 

The most-studied higher brain centers in the head 
of ecdysozoans and lophotrochozoans are the 
mushroom bodies (MBs) 18. In adult P. dumerilii, MBs 
are a huge paired neuronal structure consisting of 
densely packed cell bodies that form a dorsal and a 
ventral lobe. These lobes send posteriorily axon 
bundles known as peduncles 17,19,20. At 6 dpf, the MB 
lobes are not visible yet and the MBs are only 
recognized by the very thin peduncles. Their 
identification relies on reference points 19. The dorsal 
peduncle is lateral to the antennal nerves and is 
mediated towards the lateral surface, whereas the 
ventral peduncle is dorsal to the palpal nerve and is 
directed more to the medial midline of the head 17. 
Not much is known about role of the MBs in P. 
dumerilii 17. Yet, they might be involved in learning and 
memory, as they are homologous to insect MBs 
(where MBs are linked to these skills 21–28) and to the 
vertebrate pallium 29. The MBs may be also 
chemosensory at early stages, considering that 
neuronal projections from the dorsal peduncle to the 
head surface have been described at 6 dpf, 
occasionally resulting in cilia 19. These extensions have 
never been reported in other species exhibiting MBs 
and are not present in adult P. dumerilii 19. 
Additionally, immature MBs appear to respond to 
some chemical stimuli (unknown if as a sensory 
neurons or interneurons) 17 and putative 
chemoreceptor proteins are expressed in this region 
of the brain (unpublished results from the Arendt 
Lab). Therefore, to investigate whether developing 
MBs can directly receive sensory inputs, head 
neuronal activity in response to chemical stimuli was 
briefly analyzed in this work, following a recently 
developed calcium imaging and microfluidics 
approach 17. Assuming that MBs derive from a 
precursor structure already present in Urbilateria 30, a 
direct role of the MBs in chemosensation could mean 
that not only the urbilaterian MB-like structure was a 
sensory-associative brain center 29, but also a sensory 
organ. 

1.5 Arx transcription factor 

For the normal development of any body 
structure, the expression of numerous genes in a 
combinatorial and spatiotemporal-specific manner is 
required. Within the molecular fingerprint (unique 
combination of genes active in a given cell type 19) of 
the MBs, Arx (Aristaless-related homeobox gene) is 
specifically expressed where these structures are 
developing, at least from 4-12 dpf 16,19,29 (and 
unpublished data). Arx is a transcription factor 31 with 
a highly specific and conserved DNA-binding domain, 
known as homeodomain. This type of transcription 
factors are responsible for regulating the expression 
levels of genes involved in the anatomical 
development (morphogenesis) of animals, plants and 
fungi in a temporal, spatial and tissue-specific 
manner 32. Arx has an aristaless domain (C-peptide) 
and a paired-like homeobox domain, belonging to 
group II of the aristaless-related protein family, whose 
members are involved in the nervous system 
development 33. In mouse, human, and even the 
African clawed frog (Xenopus laevis), Arx is involved in 
several processes of brain development: neuronal 
proliferation and migration, patterning, cell 
maturation and differentiation, as well as axonal 
outgrowth and connectivity 34. In Drosophila, Arx is 
involved in the development of terminal appendages 
(wings, legs and aristae, terminal antennal 
appendages required for auditory functions and 
hygrosensation) 35–37. In Caenorhabditis elegans, Arx is 
part of different pathways to regulate chemosensory 
and motoneuron development 38–40 and in honeybees 
it may be necessary for navigation and 
communication skills 41. All this data on Arx homologs 
and its specific expression in the developing MBs of 
P. dumerilii supports the hypothesis that Arx is 
connected to the sensory-integrative features of the 
MBs and their eventual chemosensory role. However, 
no works have explored the relevance of this 
transcription factor in the MBs development, even in 
other organisms. Therefore, the main objective of this 
work was to establish a knockout of the Arx, using the 
CRISPR-Cas9 system (one of the most used genome 
editing technologies 42–45), and begin the study of the 
associated morphological phenotype at 6 dpf. This is a 
step towards explaining the importance of the Arx in 
the MBs development, clarifying if the Arx is required 
for the putative chemosensory, learning and memory 
roles of the MBs. 
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2 Materials & Methods 

2.1 P. dumerilii culture 

Platynereis dumerilii used in this study descended 
from a laboratory culture at the European Molecular 
Biology Laboratory, Heidelberg, Germany, and were 
maintained as described elsewhere 15. Zygotes and 
larvae were kept in filtered natural sea water (FNSW; 
filtered with Millipore Express PLUS bottle top filter 
with a pore size of 0.22 μm) in a plastic cup. Animals 
were maintained at 18 °C in an incubator (KB53, 
Binder), under a 16 h light - 8 h dark cycle.  

2.2 PCR amplifications 

PCR amplifications with several purposes were 
performed with Ex Taq DNA polymerase (hot start 
version, TaKaRa). Amplifications from P. dumerilii 
genomic DNA (gDNA) were done with an annealing 
temperature of 62 °C, using primers (from Sigma-
Aldrich) according to each gRNA target locus: the 
gRNAs A, B and C target region was amplified with 
primers GGGGTTTGCAGAAGGTCATA and GGCCGTTAT 
CCCTACAGACG, the gRNAs D and E target region was 
amplified with primers TCCGTTAAAAACCTGACATAAT 
CGC and CTGAAAGCTTCCGGCTACGA. Amplifications 
from plasmids pDR274 46 and pCRII-TOPO TA 
(Invitrogen) were done with M13 Forward (−20) and 
Reverse primers (GTAAAACGACGGCCAG and 
CAGGAAACAGCTATGAC; Invitrogen), using an 
annealing temperature of 57 °C. To produce 
GCaMP6s, Phusion DNA polymerase (Thermo 
Scientific) was used together with primers GATCCCCC 
TCGGATCCTAATACGACTCACTATAGGGAGATTTGATGT
TTACAGGGC and GAATTCGACTCGGTACCTCGCGAATG 
CATCTAGATCCAATTTTCTCTTAAACAACTCC (Sigma-
Aldrich), using an annealing temperature of 72 °C. 
PCRs were performed following the respective 
manufacturer protocols, in a ProFlex thermal cycler 
(Thermo Fisher Scientific). 

2.3 Design of the guide RNAs 

To design the gRNAs (guide RNAs) targeting Arx 
gene, the human homeodomain protein ARX was 
obtained from the UniProt database (uniprot.org/) 
and mapped against P. dumerilii transcriptome, using 
tblastn (jekely-lab.tuebingen.mpg.de). The 
transcriptome contig with the highest similarity to the 
human ARX was retrieved and the longest ORF in this 
transcriptome contig was found with ExPASy 
(expasy.org/). This ORF was aligned to NCBI database 
with blastp (blast.ncbi.nlm.nih.gov/) to check that the 
most similar sequences are other Arx protein 
sequences. Next, the sequence of the longest ORF in 

the transcriptome contig was mapped against P. 
dumerilii genome (restricted access) to find the 
genome scaffolds where Arx is located. Exons and 
introns were then predicted based on the genomic 
and transcriptomic data and Arx homeodomain was 
predicted with CATH (cathdb.info). Afterwards, 
crRNAs targeting each of the exons were identified 
and ranked according to their predicted efficiency 
with sgRNA Scorer 2.0 (crispr.med.harvard.edu/) 47, 
choosing the S. pyogenes CRISPR system, a spacer 
length with 20 nucleotides, NGG as PAM sequence 
and PAM with 3’ orientation. The choice of the crRNA 
sequences and the off-target analysis is explained in 
3.1.1. The online tool NEBcutter V2.0 
(nc2.neb.com/NEBcutter2/) was used to analyze DraI 
restriction sites. Before producing the chosen gRNAs, 
genomic DNA (gDNA) of adult worms was extracted 
with the QIAamp DNA Micro Kit (QIAGEN) and the 
target loci were amplified and sequenced to confirm 
their sequences. Sequencing results were analyzed 
with the ApE software (available at 
biologylabs.utah.edu/jorgensen/wayned/ape). 

2.4 Production of gRNAs, Cas9 and GCaMP6s mRNA 

To produce the sgRNAs (single guide RNAs), oligos 
with the sequences of the chosen crRNAs and their 
reverse complements were adapted to clone into 
plasmid pDR274 48, and were ordered from Sigma-
Aldrich. They had the following sequences: 
TAGGTAATTCTTCTAACTGGAAGG and AAACCCTTCCA 
GTTAGAAGAATTA, to produce the sgRNA A, TAGGTTT 
CTCCTTCTTCCTCCACT and AAACAGTGGAGGAAGAAG 
GAGAAA to produce the sgRNA D, TAGGAGGAAGAAG 
GAGAA AGTG and AAACCACTTTCTCCTTCTTCCT to 
produce the sgRNA E. Each pair was annealed and 
cloned into BsaI-linearized pDR274 (BsaI from New 
England Biolabs). One Shot TOP10 Chemically 
Competent E. coli cells (Invitrogen) were transformed 
and grown on kanamycin plates. Colonies were used 
as PCR template and the PCR products were 
sequenced. Amplicons with the desired sequence 
were cut with DraI (New England Biolabs) and in vitro 
transcribed with the MEGAscript T7 Transcription Kit 
(Ambion). The gRNAs B and C were ordered from 
Integrated DNA Technologies as crRNAs 
(TCCAGTTAGAAGAATTAGAA and AGGGTAGTGCGTCT 
TCTGGA), together with the tracrRNA. To produce the 
Cas9 mRNA, plasmid pMLM3613 48 was linearized with 
PmeI (New England Biolabs). To produce the 
GCaMP6s mRNA, plasmid pUC57-T7-RPP2-GCaMP6 
(offered by Gáspár Jékely lab) was amplified by PCR. 
The linearized pMLM3613 and the PCR product from 

http://www.cathdb.info/
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pUC57-T7-RPP2-GCaMP6 were in vitro transcribed 
and poly(A)-tailed with the mMESSAGE mMACHINE T7 
ULTRA Transcription Kit (Ambion). Produced sgRNAs, 
Cas9 mRNA and GCaMP6s mRNA were purified with 
the RNeasy Mini Kit (QIAGEN). The Cas9 protein was 
produced from plasmid pMJ915 49 and purified at the 
European Molecular Biology Laboratory protein core 
facility. 

2.5 Cas9 in vitro cleavage assay 

Mixtures were prepared containing the Cas9 
protein (produced from plasmid pMJ915 49 and 
purified at EMBL protein core facility) at 25 ng/µL, 
gRNA at 0.6 pM, amplicon with the gRNAs target sites 
at around 135 nM (90 ng/µL of the amplicon with the 
target sites of the gRNAs A, B and C, or 61 ng/µL of the 
amplicon with the target sites of the gRNAs D and E), 
NEBuffer 3 (New England Biolabs), BSA (New England 
Biolabs) and RNase-free water. The gRNAs were 
tested individually, except for an assay where the 
crRNAs B and C were used together, each of them at 
around 0.3 pM. Three assays were done with the 
sgRNA E. One of them contained dextran labeled with 
rhodamine B isothiocyanate (Sigma-Aldrich) at 1.66 
µg/µL. In another assay with the sgRNA E, the 
incubation temperature used was 18 °C. All the other 
assays were done at 37 °C. The incubation period was 
3 h and afterwards the Cas9 protein was heat 
inactivated at 65 °C for 10 min. Samples and negative 
controls (amplicons from gDNA with the target sites) 
were analyzed by electrophoresis in a 1% agarose gel 
(Sigma-Aldrich). 

2.6 Delivery of Cas9, gRNAs and GCaMP6s mRNA 

The delivery of the Cas9, gRNAs and GCaMP6s 
mRNA was done by microinjection into embryos at the 
one-cell stage, following a protocol previously 
described 50. To establish Arx knockout, multiple 
injection mixtures were tried. They contained the 
Cas9 protein or Cas9 mRNA and the gRNAs. When the 
Cas9 protein was used, the mixture was incubated at 
37 °C for 5 min to promote the assembly of the Cas9 
with the gRNAs. When performing calcium imaging 
experiments, the injection mixture contained the 
GCaMP6s mRNA at 1000 ng/μL. All injection solutions 
were prepared fresh and contained dextran labeled 
with rhodamine B isothiocyanate (Sigma-Aldrich) at 
1.66 µg/µL. 

2.7 Validation of the Arx knockout 

The most fluorescent animals were selected at 24-
48 hpf on a fluorescent microscope equipped with an 
RFP wavelength filter (SZX16, Olympus) and gDNA of 

single or pooled animals was extracted with the 
QIAamp DNA Micro Kit (QIAGEN). gRNAs target loci 
were amplified by PCR and cloned into pCRII-TOPO 
(Invitrogen). One Shot TOP10 Chemically 
Competent E. coli cells (Invitrogen) were then 
transformed and grown on ampicillin plates with 
X-gal. Only white colonies were used as PCR template. 
The amplicons were sequenced and the sequencing 
results were analyzed with the ApE software. The 
amplicons from animals injected with the sgRNA E 
were also run in an automated electrophoresis system 
(2100 Bioanalyzer, Agilent) and digested with HpyAV 
(New England Biolabs). Digestion mixes had 400 ng of 
the amplicons and HpyAV (volume ratio of 4:13 in the 
final mix). The samples were run on a 3% agarose gel 
(Phor Agarose, Biozym Scientific) prepared with TAE 
buffer. 

2.8 Immunostaining of larvae at 6 dpf 

Animals injected with the Cas9 protein at 62 ng/μL 
and the sgRNA E at 13 ng/μL were fixed at 6 dpf, 
together with negative controls (animals injected with 
a similar mix, where sgRNA E was replaced by RNase-
free water, and wild-type non-injected animals). Fixed 
animals were stained with DAPI (Sigma-Aldrich), 
primary monoclonal anti-acetylated tubulin antibody 
(produced in mouse; Sigma-Aldrich) and secondary 
antibody (Alexa Fluor 488-conjugated AffiniPure Goat 
Anti-Mouse lgG (H+L); Jackson ImmunoResearch 
Laboratories) to analyze their neuroanatomy, doing 
minor adaptations to a protocol previously 
described 19. 

2.9 Imaging of stained larvae 

Stained larvae in pure glycerol (AppliChem) were 
imaged on a confocal microscope (Leica TCS-SP8), 
using a 40x glycerol immersion objective. Detection of 
the Alexa Fluor 488 fluorophore was done using a 488-
nm argon laser with a hybrid detector (HyD). DAPI was 
detected using a 405-nm diode laser with a 
photomultiplier tube (PMT). Images were processed 
using Fiji 51. 

2.10  Calcium imaging 

Following a protocol extensively described 
elsewhere 17, one 6-day-old larva ubiquitously 
expressing GCaMP6s was trapped in a microfluidics 
chip and exposed to 1-butanol, dopamine (prepared 
from dopamine hydrochloride), phenylacetaldehyde 
and putrescine (prepared from putrescine 
dihydrochloride; all from Sigma-Aldrich) at 1 mM in 
FNSW. The larva had its head freely exposed to the 
stimuli. During the experiments, images of the calcium 
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signal were taken with a confocal microscope (Leica 
TCS-SP8), using a 63x water immersion objective. 
GCaMP6s was excited at 488 nm with an argon laser. 
The fluorescent signal was detected with a HyD. 
Images were processed using Fiji. 

3 Results 

3.1 Knockout of the Arx  

In order to assess the role of Arx in the MBs 
development, a CRISPR-Cas9-mediated knockout was 
established.  

3.1.1 Design of the guide RNAs 

Arx is predicted to be located in the genome 
scaffolds #57705 and #522890 and its transcript is in 
transcriptome contig #18590. After identifying its 
exons and introns, crRNA sequences targeting the 
exons were determined and sorted from largest to 
smallest predicted efficiencies, measured by the 
computationally calculated score. Then, 5 crRNAs 
were selected based on their target position, 
orientation and restrictions imposed by the method 
chosen to produce the sgRNAs 48.  Targeting directly 
the homeobox was chosen rather that targeting an 
upstream part of the gene because even non-
frameshift indels are likely to alter protein function 
when they occur in essential protein domains 52. 
crRNA E was additionally chosen considering its score.  

Figure 1 shows the crRNAs chosen. crRNAs A, B, C 
and D (crRNAs A-D) target regions within Arx 
homeobox. crRNAs A, B and C target the same exon, 
which contains the upstream part of the homeobox. 
The crRNA D targets the same exon as E, which 
contains the downstream part of the homeobox. 

crRNAs A-D do not begin with GG as required for the 
production of the respective sgRNAs 48. The oligos 
used to produce the sgRNAs A and D (containing the 
sequences of the crRNAs A and D) had to be adapted 
by adding GG at 5’ of each crRNA sequence. This 
should not affect the sgRNAs capability of inducing 
double-strand breaks (DSBs) in DNA 53,54. 

The next step was to check if any of the crRNAs was 
predicted to have off-targets. Each crRNA sequence 
plus a generic NGG PAM was mapped against 
P. dumerilii genome. This was repeated considering a 
NAG PAM, as recent works have shown that S. 
pyogenes Cas9 also cleaves targets followed by this 
PAM, even though with just 20% of the efficiency for 
target sites with NGG PAMs 55,56. Similar sequences to 
the chosen crRNAs were ruled out as possible off-
targets if they were not followed by either an NGG or 
NAG PAM, if there was a total of four or more 
mismatches or if at least two mismatches lied within 
12 bp of the PAM sequence 56.  

In principle, crRNAs A and C do not have off-targets 
in P. dumerilii genome. As shown in Figure 1, the 
crRNA B might have one off-target, but it may not be 
relevant. There are two mismatches, one of them just 
4 bp away of a NAG PAM. Possible off-targets of the 
crRNA E are similar situations: two or three 
mismatches and a NAG PAM. Yet, these mismatches 
are slightly far from the PAM sequence, compared 
with the off-target of the crRNA B. The crRNA D may 
have a more serious off-target. There is a NGG PAM 
and two mismatches far from the PAM. The closest 
mismatch to the PAM is 9 bp away. Nevertheless, all 
of these crRNAs were used in this work. Other crRNAs 

gave comparable or worse results 
(results not shown).  

The oligos necessary to clone the 
chosen crRNAs sequences into BsaI-
linearized pDR274 were determined, 
making sure that once cloned, they do 

crRNA B:  TCCAGTTAGAAGAATTAGAA---- 

GS67987: …-CCAGTTAGAAGAATTTGAAAAG… 

 

crRNA D:  TTTCTCCTTCTTCCTCCACT---- 

GS75397: …-TTCTCCTTCTCCCTCCACTTGG… 

 

crRNA E:  GGAGGAAGAAGGAGAAAGTG---- 

GS27517: …-GAGGAAGAAGAAGAAAGTGAAG… 

GS445694:…--AGGAAGAATGAGAAAGTGCAG… 

GS518567:…-GAGGAAGATGGAGAAAGTGAAG… 

GS54996: …-GAGGAAGAAGAAGAAAGTGGAG… 

 Figure 2. Possible off-targets of the 
crRNAs chosen, with the respective 
genome scaffolds (GS) indicated. The 
PAM sequences are underlined and 
mismatches are in red. 

Figure 1. The longest ORF in transcriptome contig 
#18590, predicted to be Arx coding sequence. Each 
color corresponds to a different exon. Bigger letters 
correspond to the homeobox. Targets of the crRNAs are 
in bold with the PAM sequences underlined. For each 
crRNA, its position on the ranking of the crRNA 
sequences sorted from largest to smallest scores and its 
score are indicated. The ranking of the scores contained 
233 crRNA sequences. 
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not introduce additional DraI restriction sites, as 
required 48. 

As a last step, the target genomic loci were 
amplified from wild-type gDNA and were sequenced. 
The sequencing results revealed that the target loci 
sequences considered to design the crRNAs were 
correct. 

3.1.2 Cas9 in vitro cleavage assay 

An in vitro cleavage assay was done to test the 
activity of each gRNA, prior to testing in vivo. This step 
can identify gRNAs not efficient enough to produce 
DSBs in DNA and may save time, as in vivo tests are 
time-consuming and demanding. After incubating the 
amplicons containing the target sites of the crRNAs 
with the Cas9 and the gRNAs, the samples were 
separated by electrophoresis (results not shown). 
Results indicate that all gRNAs are efficient enough to 
produce DSBs in DNA. The addition of dextran labeled 
with rhodamine B isothiocyanate or the incubation at 
18 °C does not seem to affect DNA cleavage. Inspired 
by a previous study 57, gRNAs A and C were also tested 
together. The result seems to be at least as good as 
using each of them separately. Therefore, none of the 
gRNAs was discarded based on these results. 

3.1.3 Validation of the Arx knockout 

After doing the in vitro cleavage assays, hundreds 
of embryos were injected with different 
concentrations and combinations of the Cas9 (either 
as protein or as mRNA) and the gRNAs (Table 1). 

CRISPR-Cas9-mediated knockouts depend on a 
multitude of factors, including crRNA efficiency and 
epigenetic modifications related to the target locus 55. 
After sequencing at least 4 amplicons per injection 
mix, mutations were detected in animals which had 
been injected either with a mix containing 100 ng/µL 
of sgRNA E and 298 ng/µL of Cas9 protein or 13 ng/µL 
of sgRNA E and 62 ng/µL of Cas9 protein. 

Figure 3 shows the mutations detected using the 
sgRNA E. No large indels were detected. Four of the 
mutations caused frameshifts. Only the largest 
deletion (deletion of 9 base pairs) directly affected the 
predicted homeobox sequence, which is the result of 
sgRNA E targeting the 3’ end of Arx homeobox. 
Nonetheless, even frameshift mutations that do not 
affect the homeobox are likely to significantly disrupt 
Arx function, considering that the homeodomain is 
located roughly in the middle of the protein. 
Interestingly, the largest deletion and the largest 
insertion (insertion of 21 base pairs) do not cause 
frameshifts. This insertion of 21 base pairs is also 
curious as it occurred at 3’ of the PAM and it is a 
repetition of the adjacent sequence immediately at 
its 3’. 

A mutation rate can be approximately estimated 
by the proportion of amplicons with mutations to 
wild-type amplicons. In this case, an injection mix with 
100 ng/µL of sgRNA E and 298 ng/µL of Cas9 protein 
yielded a mutation rate of 31% (4 out of 13 amplicons 
had mutations in Arx), whereas 13 ng/µL of sgRNA E 
and 62 ng/µL of Cas9 protein led to 29% (2 out of 7). 
It is worth mentioning that mutations were only 
detected in maldeveloped animals. 

To rule out if the maldevelopment was an effect of 
mutations in the Arx, pools of animals non-injected 
and others injected with the Cas9 protein at 62 ng/µL 
(without gRNA; a control to account for microinjection 
perturbations and Cas9 effects) were also genotyped. 
No mutations were detected in 3 amplicons from 
maldeveloped non-injected, 3 from maldeveloped 

AAGTGGAGGAAGAAGGAGATT GTGGGGCCACAATCGCATCCCTACGGCCCACAATCGCATCCCTACGGC +21 100|298 

AAGTGGAGGAAGAAGGAGAAAAGTGGGG                     CCACAATCGCATCCCTACGGC  +1 100|298 

AAGTGGAGGAAGAAGGAGAAAAGTGGGG                     CCACAATCGCATCCCTACGGC  +1   13|62 

AAGTGGAGGAAGAAGGAGAAA GTGGGG                     CCACAATCGCATCCCTACGGC   wild-type 

AAGTGGAGGAAGAAGGAGAAA GT-GGG                     CCACAATCGCATCCCTACGGC  −1 100|298 

AAGTGGAGGGAGAAGGA---- ---GGG                     CCACAATCGCATCCCTACGGC  −7   13|62 

AAGTGGAGGAAGAA------- --GGGG                     CCACAATCGCATCCCTACGGC  −9 100|298 

Figure 3. Mutations in the Arx gene. The size of each indel is indicated. 100|298 and 13|62 indicate in ng/µL the 
concentrations of the sgRNA E and Cas9 protein used to inject the animals. Insertions (above wild-type) and deletions 
(below wild-type) are in red. Part of the homeobox sequence is in bigger letters (AAGTGGAGGAAGAAGG). The target region 
of the sgRNA E is in bold with the PAM sequence underlined. HpyAV recognition site is in green. 

 Injection mix 

Cas9 protein 24 298 62 - - 

Cas9 mRNA - - - 333 383 

gRNA 

5 100 13 13 100 

A, B, C, 
D, E 

A, E E A, B, E A, E 

 

Table 1. Concentrations of the Cas9 and gRNAs in each 
injection mixture tested. Letters indicate the gRNAs. 
Letters in red indicate the mixtures that led to 
mutations in Arx. 
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injected with the Cas9, 5 from healthy non-injected 
and 1 from healthy animals injected with the Cas9. 
Still, one should not conclude that mutations in the 
Arx trigger an unexpected development, as few 
animals were genotyped and few amplicons from 
each pool of animals were sequenced. Usually, the 
pools of animals genotyped contained less than 10 
larvae. 

The amplicons from animals injected with the 
sgRNA E were also analyzed on a Bioanalyzer, an 
automated electrophoresis system. A single peak 
correspondent to the wild-type amplicon size was 
detected in each of the samples (results not shown). 
This may be the result of very short indels that cannot 
be distinguished even in such a sensitive system, being 
consistent with the mutations shown before (Figure 
3). 

Comparing the results from these in vivo tests and 
the in vitro assays, it can be hypothesized that 
epigenetic modifications (such as chromatin 
compaction) do not allow some gRNAs to efficiently 
target in vivo the Arx gene. With a simple amplicon as 
template, the target loci might be more easily 
accessible than in the cell nucleus. 

In addition, genotyping with a restriction enzyme 
was tried with the pools of amplicons from animals 
injected with the sgRNA E, using HpyAV, a restriction 
enzyme that recognizes motif GAAGG (Figure 3), 
unique in the wild-type amplicons and only 7 
nucleotides away from 5’ of the PAM. Since Cas9 
preferentially cuts DNA in the gRNA-DNA binding 
region close to the PAM, many mutations will remove 
the restriction site and the amplicons will be resistant 
to the digestion, being easily separated by 
electrophoresis 16. Results (not shown) did not present 
any big difference between digesting wild-type 
amplicons (from non-injected animals) or those from 
animals injected with the sgRNA E. Moreover, in some 
samples, the DNA bands were very faint or inexistent, 
suggesting that HpyAV is very sensitive to changes in 
the incubation conditions (such as DNA purity) and 
may have unspecific activity. Repeating this 
genotyping method, changing incubation times, DNA 
concentrations and amount of enzyme (results not 
shown), yielded similar results. Therefore, this 
method does not seem adequate to genotype 
sgRNA E-induced mutations. 

 

3.1.4 Morphological analysis of Arx mutants 

To study the morphology of Arx mutant animals at 
6 dpf, embryos were injected with a solution 

containing 13 ng/µL of the sgRNA E and 62 ng/µL of 
the Cas9 protein. Several hundreds of animals had to 
be injected to overcome a series of problems that lead 
to a reduced survival rate at 6 dpf. Ten rounds of 
injections were performed and, at the end of the 
whole process of immunostaining, there were 16 
animals injected with the sgRNA E at 13 ng/µL of and 
the Cas9 protein at 62 ng/µL and only one non-
injected wild-type (the others were lost during the 
fixation). There were no survivors injected with Cas9 
at 62 ng/µL (without gRNA), a control to account for 
microinjection perturbations and Cas9 effects, such as 
toxicity. 

Figure 4. Morphology of P. dumerilii at 6 dpf. Anterior 
side is up and posterior down. DAPI staining is in blue 
and anti-acetylated tubulin in green. A1 and A2: two 
planes of a non-injected wild-type larva; B-E: larvae 
injected with a mixture containing 13 ng/µL of the 
sgRNA E and 62 ng/µL of the Cas9 protein. 

B 

A1 

D 

A2 

E 

C 



8 

Figure 4 presents images from the only wild-type 
survivor (panels A1 and A2) and four of the injected 
animals (B to E). Unfortunately, no good quality anti-
acetylated tubulin staining images could be obtained. 
This staining (here in green) is not visible on the 
internal side of the animals in panels B, D and E (as 
well as in all the other 12 animals injected not shown 
here) and it is not strong in the animals in panels A1 
and C. Results suggest that the antibodies could not 
penetrate the tissues and mainly labelled the cilia on 
the exterior, probably because of an ineffective 
digestion of the cuticle by proteinase K. Staining 
efficiency has been reported to vary across animals 
and batches 19. 

As far as DAPI staining allowed, the overall 
morphology was compared among the larvae. 13 out 
of the 16 injected animals (12 of them not shown) had 
a normal wild-type-like morphology, as exemplified in 
panel B of Figure 4. In contrast, panel C presents a 
body which is not internally and externally 
symmetrical and which does not have a regular shape. 
Strikingly, the head is not round, the ventral nerve 
chord has at some point three columns (indicated by 
the arrows), which is not normal, compared with the 
larva in panel A2. The whole body of the animal in 
panel C is also shorter and not so elongated. The larva 
in panel D presents a wild-type appearance, except for 
half of the head that is smaller. It can be a mosaic 
animal with one side of the head normal and the other 
half lacking some structures. The animal in panel D is 
wider (as it is the one in C) and has a deformed head, 
particularly on the right side, where there seems to be 
a big protrusion. This deformation could have been 
caused during the immunostaining process. 

 It was not possible to characterize any 
morphological phenotype associated with the Arx 
mutations, since we do not know if any of the animals 
is mutant, not enough animals were imaged, the anti-
acetylated tubulin staining failed and there were not 
enough controls. 

3.2 Chemically-evoked neuronal responses 

A recent work has described several neuronal 
responses in P. dumerilii brain to a set of 
compounds 17. In this work, additional chemicals were 
tested with the aim of triggering responses in the MBs 
region.  

Dopamine and phenylacetaldehyde were used as 
chemical stimuli, as un published results from the 
Arendt lab have identified the expression of putative 
receptors of these compounds in the MBs region. 

Putrescine was also tested. Being one of the major 
chemicals responsible for the smell of decaying flesh, 
it is a strongly repulsive or attractant odor in many 
species 58. As well, it might elicit a strong behavioral 
response in P. dumerilii, associated with a fierce 
neuronal activation (perhaps of the MBs). 

All experiments were done on a single larva as it 
was the only survivor at 6 dpf among the larvae 
injected with GCaMP6s. For each chemical, it was 
exposed 3 times to the stimulus and to the negative 
control (FNSW). 

When using FNSW as a stimulus, the larva was 
exposed to FNSW from three different channels (A-A’’ 
in Figure 5). Considering that the calcium signal is 

A 

B 

C 

D 

A’ 

B’ 

C’ 

D’ 

A’’
 

B’’ 

C’’ 

D’’ 

1 

2 

3 

1 

2 

3 

Figure 5. Calcium signal in the head of a 6-day-old P. 
dumerilii larva injected with GCaMP6s mRNA. The 
brighter the higher the calcium signal fluorescence. A-
D: larva exposed to FNSW, dopamine, 
phenylacetaldehyde and putrescine, respectively. A’-D’: 
larva not exposed to the stimulus nor the FNSW control 
(“resting interval”). A’’-D’’: larva exposed to the FNSW 
control. Images are an average of the fluorescence over 
5 s. In all images, the anterior side is up and posterior 
down. In A-A’’ and B-B’’ the dorsal side is on the left and 
the ventral on the right. In C-C’’, dorsal side is on the 
right and ventral on the left. In D-D’’, the larva was 
imaged in dorsal view. 
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similar in panels A-A’’, it is possible to conclude that 
there is no response to the flow switching from either 
the stimulus or the control channels. This control is 
also important to detect cells that spontaneously fire. 
In this experiment, no such cells were seen (results 
not shown used to generate the images in Figure 5). In 
addition, assuming that there is only basal neuronal 
activity or basal GCaMP6s fluorescence when only 
exposed to FNSW, it is possible to verify that there was 
no contamination of the FNSW channels with any 
chemical that produces neuronal responses. 

By comparing the results presented in Figure 5 with 
previous calcium imaging data 17, some regions 
activated by the chemical stimuli tested can be 
distinguished. Dopamine activates the neuropil and 
the apical plexus close to the apical organ (B-B’’). 
Phenylacetaldehyde triggers a very strong retraction 
of the antenna (activation of the antennal muscle, 
region 1 in C) and a clear response of the whole 
neuropil (region 2 in C), including the apical plexus and 
probably the region where the MBs are developing, 
and the palps (region 3 in C). Putrescine activates the 
antennal nerve (regions 1 and 2 in D) and the neuropil 
(region 3 in D). Putrescine may also activate the MBs, 
as in region 2 more than one nerve bundle seems to 
be active. To draw stronger conclusions about the 
regions activated by the chemical stimuli tested, the 
same experiments will have to be repeated in more 
larvae. 

Based on these results, it is impossible to surely say 
whether the MBs responded to any stimulus. Besides 
having imaged just a single larva, MBs are difficult to 
identify at this developmental stage and are rarely 
seen with just GCaMP6s signal, as already verified 17. 
Moreover, it is not possible to distinguish between 
primary and secondary responses, even by analyzing 
fluorescence images not averaged over time (results 
not shown used to generate the images in Figure 5). 
This would be important to determine if MBs can 
sense chemical cues directly from the exterior, 
possibly using the projections up to the head surface 
previously described 19, or if they just function as 
interneurons, as recently suggested for their ventral 
lobes 17. The insights provided by these calcium 
imaging experiments on the putative chemosensory 
role of the MBs are limited. 

The concentrations tested in this work may be too 
high, leading to unspecific responses that would 
explain such strong responses (as seen in region 1 in 
panel C of Figure 5). The concentration at which each 

compound is tested must be optimized to trigger 
responses only of the most sensitive structures. 

Lastly, the larva used in these experiments was 
subject to exposures with different chemicals, proving 
that it is possible to screen various chemicals in a 
single animal. Besides the strong responses presented 
in panels B-D of Figure 5, the neuronal activity when 
exposed to the FNSW is invariable (panels A-A’’, B’-D’ 
and B’’-D’’). This indicates that there was no 
contamination of the two FNSW channels. Usually, 
only FNSW and one stimulus were tested per larva and 
per microfluidics chip. 

4 Conclusion 

Platynereis dumerilii is a relatively simple 
neurobiological model organism that can provide 
insights into the nervous system architecture and 
function. For its phylogenetic position and slow-
evolving characteristics, P. dumerilii is a good system 
to explore the nervous system origin, a current field of 
research in evo-devo. This organism has mushroom 
bodies, a sensory-associative brain structure 
homologous to the vertebrate pallium 29 that might be 
chemosensory, according to putative chemoreceptor 
proteins expressed in that region and neuronal 
projections to the head surface at early stages of 
development 29,19. Likely involved in the development 
of this head structure is the transcription factor Arx, 
specifically expressed in the MBs at early stages 14,19.  

Motivated by this, a CRISPR-Cas9-mediated 
knockout of Arx was successfully established. After 
sequencing, a few indels were detected in animals 
injected with two different mixes containing the gRNA 
predicted to be the most efficient. The small sizes of 
the six sequenced indels were consistent with the 
results of running the amplicons with the target locus 
through a Bioanalyzer, meaning that all other 
mutations eventually not sequenced are also small 
indels. Together with the fact that the successful gRNA 
targets the downstream end of Arx homeobox, this 
explains why only one of the mutations directly 
affected the homeobox. 

Afterwards, 6-day-old larvae injected with one of 
the successful mixtures were stained with DAPI and 
with an antibody targeting acetylated tubulin. 
However, no conclusions about the involvement of 
Arx in the MBs development could be drawn due to a 
generalized bad staining of the axon bundles and lack 
of control animals. 

Finally, a newly developed method to perform 
calcium imaging in a microfluidics device was 
employed to assess the head neuronal activity 
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triggered by three chemical stimuli, exploring the 
putative chemosensory role of the MBs at 6 dpf. MBs 
might be activated by putrescine and 
phenylacetaldehyde, but further work is required to 
take stronger conclusions. Only one larva was imaged, 
and the MBs are hard to identify at 6 dpf, especially 
with only GCaMP6s signal 55. Nonetheless, this 
experiment showed that it is possible to screen 
various chemicals in a single animal and in a single 
chip, without contamination of the two FNSW inflow 
currents of the chip, and that dextran labeled with 
rhodamine B isothiocyanate apparently does not 
affect GCaMP6s fluorescence. 

Much work still needs to be done to unveil the role 
of Arx in the MBs development and the sensory 
capacities of these structures. 

Now that injection mixes capable of inducing indels 
in Arx have been found, it will be useful to calculate 
more accurately the mutation rate, assessing how 
many injected animals are wild-type, mosaic and non-
mosaic mutant. It will be important to determine if 
mutations in Arx cause an overall anomalous 
development, as all detected mutations belonged to 
animals with an atypical development. An off-target 
analysis should also be done.  

Morphological analysis of the mutant larvae should 
be performed using as many animals as possible to 
statistically take into account mosaicism and 
microinjection perturbations. Considering that MBs 
peduncles are difficult to identify at 6 dpf, a 
membrane dye can be used to increase the resolution 
and allow an easier analysis of the immunostainings. 
Also, slightly latter stages can be investigated, as Arx 
has been shown to be specifically expressed in the 
MBs at least from 4 to 12 dpf 16,19,29 (and unpublished 
data). Transmission electron microscopy data can help 
to compare developmental alterations caused by the 
Arx knockout. Genotyping single animals after 
immunostaining is also of interest. 

When a phenotype associated with the Arx 
knockout is found, other independent knockouts of 
this transcription factor should be developed using 
different gRNAs and the wild-type phenotype could 
try to be rescued, to further validate phenotype-
genotype associations. 

Additional work is required to test the hypothesis 
that the MBs possess chemosensory features. In this 
project, only one larva was imaged. Therefore, this 
investigation needs to be expanded, testing again the 
same chemicals used in this work and others that are 
likely to activate the MBs. Different concentrations 

should be used to trigger specific responses and 
several chemicals can be tested on a single animal. 
Dextran labeled with rhodamine B isothiocyanate 
might be used to facilitate the sorting out of injected 
animals. Furthermore, other chip designs may give a 
complementary perspective on the neural responses, 
by imaging the larvae from the side, for instance. 

Looking specifically into the MBs region can 
increase the imaging spatiotemporal resolution. The 
use of a genetically encoded membrane marker can 
help to distinguish different cells/structures inside the 
head. 

In the future, calcium imaging experiments can be 
performed in the Arx mutants and neuronal responses 
of wild-type and mutants can be compared. To do 
such an experiment, GCaMP6s mRNA could be 
injected together with the CRISPR solution, or animals 
from an Arx mutant line could be injected solely with 
GCaMP6s. More difficultly to establish, but 
theoretically appealing would be a line where Arx is 
knocked in for GCaMP6s. These studies may reveal a 
participation of P. dumerilii Arx in cognition, knowing 
the specific expression of Arx in the MBs (considered 
to be a sensory-associative brain center 29), and its 
involvement in the nervous system ontogeny of 
different animals 31,41,33,59 and in the human cognitive 
development 35,36. 

Although the work developed in this project is not 
enough to answer many of the questions investigated, 
it is an important step towards understanding Arx role 
in the MBs development, opening the door to multiple 
experiments. Ultimately, these advances can 
contribute to characterize the MBs and Arx functions 
in Lophotrochozoa and further unveil the origin of the 
nervous system in Bilateria. Additionally, the 
homology of the MBs to the vertebrate pallium 29, the 
conserved functions of Arx among distantly related 
animals 31,41,33,59, together with the importance of Arx 
mutations to some neurologic human disorders 35–37, 
make this a highly relevant field of study. This research 
can eventually provide insights into the conserved 
basic neurologic mechanisms, who knows 
contributing to the understanding of mental disorders 
caused by Arx mutations. 
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