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Summary

In this thesis we have covered the importance of finding underlying conservation
events to better understand the regulatory mechanisms of important development
orchestrators like the Hox cluster. As an example of these non-evident conservation, we
have shown two cases, as described below.

The first case studied, after developing a software able to detect homologous long
noncoding RNAs by means of microsynteny analyses, is the conservation of Hotairm1 in
Chordata. For assessing the homology of this INcCRNA, first we had to identify the IncRNA
fraction within the B. lanceolatum transcriptome. With a reliable lincRNA dataset, we
used our pipeline, LincOFinder, to identify orthologs between human and amphioxus
through microsynteny. After the identification of Hotairm1 as one of the lincRNAs with
conserved microsynteny, we used Xenopus as a proxy to analyse the homologies in the
expression and the function. We had to proceed this way due to the difficulties
associated with the inhibition of genes in B. lanceolatum, and the unavailability of
expression patterns for Hotairml in the bibliography. After we successfully
characterised Hotairm1 expression in amphioxus and Xenopus, we injected morpholino
oligonucleotides to target and inhibit the splicing of Hotairm1 to promote an isoform
imbalance. Through the phenotype obtained and the performing of gPCRs, we were able
to deduct the mechanism of Hotairm1 and successfully relate this mechanism with the
one described in human cells. With all the data obtained we were able to strongly
suggest that the amphioxus Hotairm1 is homologous to the Xenopus and human
Hotairm1, thus being conserved in most of the lineages within chordates.

The second case studied was the conservation of the regulation of the Hox cluster
mediated by Cdx. When analysing the B. floridae knockouts of Cdx and Pdx obtained
using the TALEN technique, we found a severe phenotype of the developing larvae in
Cdx”- and a mild phenotype in Pdx”~. The Cdx”" phenotype consisted in the disruption of
posterior gut development, as well as an underdevelopment of the postanal tail,
coupled with a non-opening anus. When looking at changes in the expression of the Hox
cluster in this Cdx”~ embryos, we found collinear misregulation of the expressed Hox
genes, with the most anterior Hox cluster genes upregulated, and the most posterior
ones downregulated. This is very similar to findings seen in triple morpholino
knockdowns of the Cdx genes in Xenopus, indicating that in both, Xenopus and

amphioxus, Cdx is regulating the Hox cluster through a homologous mechanism.
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Introduction

1. Evolution and development

1.1. Dawn of the Evo-Devo

Through the 20™" century the evolutionary trend was the synthetic theory (Mayr and
Provine 1980). This theory, also referred as “modern synthesis”, put Mendelian genetics,
ideas of natural selection, population genetics, and macro and micro evolution events
together. Yet it didn’t consider any of the discoveries and breakthroughs that took place
in developmental biology research, as far as to consider an organism a direct reflection
of its coding genes (Mayr and Provine 1980). However, in the last third of the 20t
century, a new approach arose to include developmental biology in the framework of
evolution (Miller 2007). Instead of focussing only in the changes within coding genes in
order to explain different phenotypes, this new approach, named Evo-Devo, explains
them through the variation in regulation of genes during development, where a slight
change in spatiotemporal expression of one gene can have ripples that affect the adult
animal in ways that the synthetic theory could not fully explain.

From this point of view, although mutations within the coding sequence of a gene are
still relevant and can impact in several ways the phenotype of an organism (Cheng et al.
2009), mutations in regulatory regions such as enhancers, or transcription factor binding
sites that have a role during development gain new relevance. Moreover, they can be
identified as responsible for some of the evolutionary novelties like the powered fly
present in bats (Sears et al. 2006), or the repetition-based body plan of the snakes
(Woltering 2012). In addition, this view opened the door for using additional features to

determine the evolutionary history of an organism, beyond just the sequence analysis.

1.2. Changes vs Conservation

When studying evolution, by the own definition of the word, one would look for
changes, comparing two species and stating the observable differences. Although while
this is true and the main aim of Evo-Devo, it is not the only item of its research. Another
one that is of interest here is the conservation, as in the light of conservation, we are
able to determine what has really changed and vice versa.

One of the striking discoveries in Evo-devo, thanks to molecular genetics, was the

concept of developmental gene toolkit. As we have stated, the different phenotypic
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traits between organisms are mostly due, not to mutations in coding regions, but to
changes in regulation during development. This regulation is done by a deeply conserved
set of genes in most of metazoans, known as the developmental gene toolkit (Gerhart
and Kirschner 2007; Newman 2006). Most of those genes code for transcription factors,
cell receptors, ligands, and morphogens and generally, a mutation in these genes turns
out to be deleterious, or to produce a heavily impaired organism. Changes in their
promoters or on their binding site, however, can result in an altered spatiotemporal
expression that gives rise to a modified trait, often without a dramatic change in the
viability of the organism (Sears et al. 2006). However, a change so disruptive as to
produce an evolutionary novelty although it could still be viable, would wreak havoc in
some of the essential regulatory networks of development, unless a concomitant gene
duplication took place. Hence, the easiest way to overcome the selective pressure and
develop new or modified traits is through conservation, duplication, and change (Ohno
1970). This concept is the core of the Duplication-Degeneration-Complementation
(DDC) (Force et al. 1999) and the Duplication-Degeneration-Innovation (DDI) (Jimenez-
Delgado et al. 2009) models, to explain the linkage of gene duplication to changes in
gene regulation.

Some genetic networks are used in such a myriad of processes and are so fine-tuned
that a strong selective pressure is placed upon them. Still, changes in the regulation and
in the sequence can take place, and as long as the structure of the network is not heavily
affected, they will not produce a dramatic effect. Of course, there are exceptions, either
due to a better gene network overtaking the role of the ancient one, or due to the
survival by “chance” or by absence of selective pressure, of an organism after a dramatic
genetic event. Nevertheless, in most of the cases, understanding the process of
generation and the selective pressures of these deep conservations would be helpful to

gain better insights in the mechanisms of evolution.

1.3. Amphioxus
Overview

Since its scientific discovering in the 18" century (Holland and Holland 2017) the
cephalochordate amphioxus has been an intriguing animal. First considered to be a

mollusc (Pallas 1794) and later the simplest kind of vertebrates (Yarrell 1836), the most
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accurate description in those early years came from Goodsir (Goodsir 1844) who
proposed this animal to be somehow in between invertebrates and vertebrates.

It has been thoroughly and continuously studied except for a half-century gap in the
20t century (Holland and Holland 2017), and recently has found a new spotlight thanks
to the advances in high throughput sequencing and analysis techniques. Nowadays, we
can place it pretty accurately within the phylogenetic tree of metazoans, being in a basal
position inside the phylum Chordata. This comes along with the fact of possessing a pre-
duplicative genome, which retains most of the ancestral chordate genome
characteristics before the two round of full genome duplication that occurred at the
origins and early evolution of vertebrates (2R) (Dehal and Boore 2005) (Figure 11). These
perks make amphioxus to be currently and thoroughly studied in development research
(Garcia-Fernandez and Benito-Gutiérrez 2009; Escriva 2018), and to be considered a

great model organism to study the transition from invertebrates to vertebrates in the
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Figure I1. Simplified phylogenetic tree showing the position of cephalochordates in the context of the
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Development

Amphioxus development has been intensively studied classically (Bertrand et al. 2017;
Conklin 1932; Mansfield et al. 2015). After the fertilization, which takes place externally
in the sea, the chorion of the newly form zygote expands (Figure 12 A), and cells start to
rapidly and synchronously divide until the embryo is composed of 128 cells, when a
spherical and hollow blastula is formed. When gastrulation begins, the vegetal pole
flattens and starts invaginating, leaving at the end of gastrulation two cell layers (Figure
12 D). These surround the archenteron which will form the future digestive system, open
to the exterior through the blastopore. The mesoderm and endoderm are within the
internal layer, and the external layer contains the ectoderm with ciliated cells that allows

the embryo to move inside the chorion.

A fert. egg | B zygote(4c) | C morula(64c) gastrula | E early neurula

1’ pf 3 hpf 22 hpf

F middle neurula late neurula
24 hpf 26 hpf

. cerebral
post-anal tail segmental .
tochord neural tube
caudal fin i notocho vesicle

= = ¥ -
78 /\’ | \ | AN

atriopore atrium oral cirri
anus
pharyngeal

gill slits

hepatic mouth

diverticulum

intestine

Figure 12. Developmental stages of Branchiostoma lanceolatum embryos grown at 199C in Barcelona.
Anterior to the right. (A) Fertilized egg; (B) zygote at four cell stage; (C) morula at 64 cells stage; (D)
gastrula; (E) early neurula stage; (F) middle neurula stage; (G) late neurula stage; (H) larva stage with one
gill slit; (1) Adult animal. Adapted from Garcia-Fernandez et al. 2009.

When gastrulation ends, the neurulation process initiates with the embryo breaking
the chorion and swimming freely (Figure 12 E). The V-shaped dorsal neuroectoderm

elongates in postero-anterior direction as the developing neural tube progressively

closes thanks to the upwards extension of the neural labia in the same direction. This

12
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process leaves a small opening in the anterior end of the neural tube known as
neuropore. The internal cell layers rearrange to give rise to the notochord and the
somites. The first pairs of somites will be formed from the invagination of the
archenteron while the rest of the somites will come from the tail bud. The ventral
epithelium of the archenteron will fold over itself to give rise to the digestive tube.

The stage after the neurula is the larva (Figure 12 H). In this stage, the neural tube, the
somites and the notochord keep developing through the antero-posterior axis. The most
notable changes of this stage are the mouth development located in the left side of the
larva, the formation of the cerebral vesicle, the anus opening, and the formation of the
gill slits. Before the transition to juvenile and final adult stages, a metamorphosis takes
place where most of the asymmetries of the larva are addressed, leaving an almost

symmetric amphioxus juvenile.

Functional genomics

Despite being able to study some of the functions of genes in amphioxus using drugs
dissolved in the growing medium of the developing amphioxus (Escriva et al. 2002),
direct injections in the oocyte to produce knock-downs, or transient expression or even
a knock-out animal remained elusive until the last decade. Alternatives as to feed them
microRNAs or dissolve morpholinos in the medium were tried without success. But after
the first successful injections of fluorophores in the unfertilized egg (Garcia-Fernandez
et al. 2009), successive milestones were reached towards experimental Evo-devo in
amphioxus. These milestones include the injection of mRNAs that were properly
translate into proteins (Hirsinger et al. 2015), the injection of reporter constructs to
properly study the role of regulatory regions (Liu et al. 2013) and finally amphioxus
directed mutagenesis via TALEN method (G. Li et al. 2014). This, put together with the
ability to close the reproductive cycle of amphioxus in the lab and obtaining mature
fertile adults from in-vitro fertilized embryos, allowed researchers to produce stable
heterozygotic knockout lines to study the effects in development of the absence of key
genes.

In this work, from the several species of amphioxus, we will focus on two,
Branchiostoma lanceolatum and Branchiostoma floridae. Their speciation took place
approximately 190 million years ago (Cafiestro et al. 2002) and their main morphological

differences are the slightly bigger size and faster development of B. floridae.

13



Introduction

1.4. Xenopus tropicalis

X. tropicalis is an African clawed frog used frequently to study developmental biology.
The endurance of the eggs that allows to perform dissections and injections and the
huge numbers in which they are produced make this animal a great model for studying
gene function (Harland and Grainger 2011). The development of Xenopus (Figure 13) is
normalised in the Nieuwkoop and Faber atlas (Nieuwkoop and Faber 1994). After
fertilization takes place in the animal pole, a series of rapid synchronous cell divisions
ends up forming the blastula. After the mid-blastula transition, the embryo stops relying
on the maternal mRNA and starts expressing its genes in what is known as the embryonic
genome activation. Furthermore, cell division is desynchronized (Schmitt et al. 2014),
and this results in the gastrulation of the embryo, with the invagination of the dorsal
cells and epiboly of the cells from the animal pole. This will stablish the ectoderm,
mesoderm and endoderm (Gilbert and Barresi 2017) that will give rise to the different
tissues of the developing embryo. The next stage is the neurulation, where the neural
plate located in the dorsal part of the embryo folds forming the neural tube. In addition,
the cells on the edge of the neural plate will become the neural crest. Finally, the rest of

the organs will be developed until the tadpole is fully formed.

2-cell 4-cell 8-cell 16-cell Stage 6 Stage 8 Stage 9 Stage 10 Stage 11-12  Stage 13-14 Stage 15
(1hr 32min) (1hr 51min) (2hr 17min) (2hr 44min) (3hr 18min) (5hr 14min) (6hr 55min) (9hr 25min) (11hr20min) (12hr 14min)  (13hr 25min)
<7 . NP AV A}\\
\ ¥ \ ( | [ €
| - o= e - s
- 4 e s =
Stage 44-45  Stage 41-42 Stage40  Stage 38-39 Stage 33-34 Stage 31-32  Stage28 Stage24-26  Stage 22-23 Stage 20-21 Stage 19 Stage 16-18
(96hr) (76hr) (66hr) (55hr) (44hr) (38hr) (32hr) (26hr) (21hr 48min)  (19hr 31min) (17hr 44min) (14hr 52min)
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Figure 13. Developmental stages of Xenopus tropicalis grown at 232C; Times expressed in hours post
fertilization; (EGA) Embryonic Genome Activation. Adapted from Tan et al. 2013.

In this study we will use one of the most stablished methods of knocking-down genes
in Xenopus, the injection of morpholino oligonucleotides (Eisen and Smith 2008). These
oligonucleotides are designed to bind specifically to a target. In most of the cases, the
morpholinos are designed to bind to a mRNA preventing it for being used in most of the
biological processes, like translation into protein, or preventing to being spliced if the

morpholino targets the splice site of the pre-mRNA.
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1.5. Hox Cluster

One of the keys to understand Evo-devo is in the homeotic genes, called this way due
to the displacement of body parts (homeosis) that the mutations in these genes caused
in drosophila. They are master regulators of the development in metazoans, although
their origin is set sometime during eukaryote evolution, due to the absence of any
related gene in prokaryotes (Blirglin 2001). Probably, the most important set of
homeotic genes during development is a set of paralogs, in most of the cases presented
as a cluster, known as the Hox cluster.

The Hox cluster is formed by a set of genes that have in common a Homeobox domain.
They were discovered in Drosophila by Lewis (Lewis 1993) who called them
Antennapedia genes (as it changed an antenna for a leg). In D. melanogaster there are
8 Hox genes separated in two cluster (ANTP and UBX) and their discovery opened a
whole new research field, due mainly to their role in the antero-posterior axis
determination during development.

The Hox genes are highly conserved in most of the bilaterians, and they can be related
to similar functions in organisms as different as D. melanogaster and H. sapiens (Hueber
et al. 2010). But what set these genes apart are the spatial and temporal collinearity
present in the cluster. The first members or anterior Hox genes are expressed earlier
during development and in a more anterior region than their counterparts at the end of

the cluster (Figure 14).
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Figure 14. Scheme of the Hox cluster spatial collinearity in fly, amphioxus and human with their
corresponding orthologies. Adapted from Garcia-Fernandez et al. 2009, and Hueber et al. 2010
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The regulation of the hox cluster is a tight process where a group of different elements
play a role, like Retinoic Acid (RA) (Balmer and Blomhoff 2002). An excess of RA produces
a posteriorisation of the developing embryo due to a variation in the expression limits
of Hox genes. This is because RA response elements located in the regulatory regions of
Hox genes are activated by RA, thus being ectopically expressed in the case of an excess
of RA (Balmer and Blomhoff 2002). Long noncoding RNAs (IncRNAs), like Hotair (Rinn et
al. 2007), that closes the chromatin of the HoxD cluster in mammals through the
polycomb repressing complex Il (PRC2), also play an important role in the regulation of
this cluster. In addition, the non-coding elements surrounding the sequences of Hox
genes are key to understand their regulation and evolution, as the changes in these
sequences are the ones that end up building the differences of expression between the
different animals. Finally, other homeobox genes outside the Hox cluster can have a role
in its regulation, as is the case of the Parahox cluster gene, Cdx. As reported by Marletaz
et al. (Marlétaz et al. 2015) the knock-down of the three Cdx paralog genes in frog
produces a collinear downregulation, with the anterior Hox genes upregulated, the
middle ones mildly downregulated, and the posterior ones heavily downregulated
(Figure 15). This may mean that Cdx interacts as a sliding scale, either by remodelling the

chromatin, or by direct control of the transcription.
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Figure 15. Fold-change in Hox gene expression caused by triple MO injection plotted against paralogy
group assignment; each data point represents one Hox gene. Only genes with statistically significant
change in expression are included. Colours denote anterior (blue), middle (green), and posterior (red)
paralogy group assignments, assigning group 3 to anterior. Adapted from Marletaz et al. 2015.
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1.6. ParaHox Cluster

The ParaHox cluster was described by Brooke, Garcia-Fernandez and Holland (1998) in
B. floridae more than twenty years ago. They found the presence of three homeobox
genes, Cdx, Xlox (Pdx) and Gsx sharing a region of 32Kb in the same chromosome, hence
forming a cluster. The ParaHox cluster evolutionary origin is tightly linked to the Hox
cluster, as there was an ancestral duplication forming two twin clusters, one of them
giving rise to the ParaHox cluster and the other to the Hox cluster (Garcia-Fernandez
2005) (Figure 6). The spatial collinearity was already defined in these ancestral twin
clusters, as there is also a collinearity in the expression of ParaHox cluster that can be
related with the well stablished collinearity existing in the Hox cluster.

In jawed vertebrates, after the 2R event, the most common arrangement of these
genes is three Cdx paralogs, two Gsx and one Pdx (Figure 16). They are distributed in four
chromosomes with one of them containing the full three-gene cluster, and the rest of
the genes disaggregated. Their functions, as seen by disruption of the different genes,
are related to neural and gut development. Gsx genes are expressed in the developing
brain and have a role in differentiating the lateral ganglionic eminence neuronal
subtypes (P. W. H. Holland 2013; Pei et al. 2011); Pdx is expressed in the midgut where
it participates in the development of the pancreas and the development of the proximal
duodenum (Hideaki Kaneto et al. 2007; A. M. Holland et al. 2013) whereas in the adult
it is key to maintain the function of insulin-secreting beta cells; the three members of
the Cdx gene family in jawed vertebrates have very similar roles, with an expression
located in the posterior part of the embryo, and a role in the posterior patterning of the

embryo, including the posterior gut (Marlétaz et al. 2015).
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2. Long non-coding RNAs

2.1. Overview of IncRNAs

History

From the central dogma of molecular biology stablished in 1958 (Crick 1970), our view
on the role that the RNA-based molecules have in the regulation of cell processes has
changed significatively (Figure 17). Thanks to the advances in molecular biology, non-
coding RNAs are not referred as “junk” DNA anymore, and their importance is properly
considered.

LncRNAs are characterised by being more than 200nt in length and having a normal
transcription process like a coding gene. They have the same features of coding mRNAs:
(i) transcribed by RNA polymerase I, (ii) spliced and (iii) 3’ polyadenylated. They just lack
a coding open reading frame, and therefore they don’t produce a protein (Jarroux et al.
2017). The first eukaryotic IncRNA discovered was the imprinted gene H19 (Cai and
Cullen 2007), expressed only maternally. Although it was evident that H19 had a role
during development, the molecular function remained a mystery until Xist, another
IncRNA involved in dosage compensation, was functionally characterized (Cai and Cullen
2007; Kallen et al. 2013). The functional characterization of Xist is a milestone for
IncRNAs research on its own. Until then, the IncRNAs (when considered as gene
regulators) were assumed to act only upon their close genetic neighbourhood. But Xist
is capable of imprinting the whole X chromosome in mammals (Rastan 1994) thus has a
key function for the proper functioning of the organisms where it is present. These two
examples demonstrated the versatility of a single IncRNA in the regulation of complex
regulatory circuits and stimulated the community to put more effort in the
characterization of IncRNAs.

One of the fruits of these efforts was the discovery of Hotair. Rinn et al. ( 2007) found
a IncRNA located in the HoxC cluster whose regulation affected in trans the Hox genes
of a different cluster in a different chromosome, the HoxD cluster. They found that
Hotair coupled with the Polycomb Repressive Complex 2 (PRC2) silenced gene

expression of the HoxD cluster, being the first identified trans-acting IncRNA.
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Origin and characteristics of IncCRNAs

There are several ways IncRNAs can be stablished in the genome, like for example, by
the process of pseudogenization. The accumulation of several mutations that break
translation and the posterior co-option of the still transcribed pseudogene, can produce
IncRNAs that are not apparently homologues to their original gene anymore. Xist is a
good example of this process as it is derived from an ancestral Lnx3 gene in eutherians.
(Duret et al. 2006). Another event that can give rise to a new IncRNA gene is the co-
option of RNA-derived transposable elements. These transposable elements can provide
IncRNAs with transcription start sites (TSS), splicing sites, etc, and can also provide
functional secondary structures (like protein binding sites) (Kapusta et al. 2013). Finally,
de novo IncRNAs, although uncommon, can be formed from acquisition of
transcriptional regulatory elements in a previously non-transcribed intergenic region,
like in the case of Poldi (Heinen et al. 2009).

We have mentioned that new IncRNAs may be co-opted into new functions, like
imprinting the X chromosome in the case of the Lnx3-derived IncRNA, Xist. But how do
they act without being translated into a protein? The answer to this key question in most
of the cases is through their secondary structure. LncRNAs (as mRNAs do (Hall et al.
1982)) fold themselves into a secondary structure that allows them to interact by
themselves with several other elements within the cell. They can have several functions
thanks to this folding, like acting as a scaffold for protein complexes (Fang and Fullwood
2016; X. Li et al. 2014) or binding to chromatin remodelling elements to direct them to
a specific region, like in the case of Hotair. This makes IncRNas really versatile regulators,
as they can even have several functions, like the previously mentioned H19, a good
example of a multitasking IncRNA. In addition, their prompt readiness (some IncRNAs
can start having function right after being transcribed (Cloutier et al. 2016)) and lower
stability than the mRNA, makes them sharp regulators of the processes where they have
a role. This could explain the overall lower transcription levels of IncRNAs when
compared with coding mRNAs, as they can be transcribed, act, and be degraded in a
very short time window, showing just a peak of expression through a timeline, and in

some cases keeping their overall expression level low.
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Evolution of IncRNAs

If we base our study of IncRNA evolution in the study of the nucleotide sequence, we
will find that in most of the cases they are not conserved, except in some closely related
species. Due to their intrinsic characteristics, IncRNAs do not seem to have a selective
pressure placed upon the nucleotide sequence at the same level that coding genes have.
This does not mean, however, that they are not conserved through evolution. For
example, Mhrt is a well-known IncRNA characterised in humans and mice. Although its
sequence conservation between these two species is around thirty percent, they are
known to be homologs with the same function in both species (Han et al. 2014). When
comparing intergenic IncRNAs (lincRNAs), the conservation is somewhat higher, but still
almost absent when comparing slightly distant species like human and zebrafish. Ulitsky
etal. (2011) showed how Megamind, a lincRNA with less than 100nt of conserved region
between human and zebrafish had an orthologous function. They were able to
knockdown the expression of this lincRNA in zebrafish and then rescue the WT
phenotype injecting the human Megamind. These findings probed that the conservation
of IncRNAs is “multidimensional”, as defined by Diederichs (2014).

We may assign up to four dimensions of IncRNA conservation (Figure 18). The first one
is the sequence conservation, as in the coding genes. Although lower, it still can be used
to find homologous IncRNA in closely related species. The second dimension is the
conservation of their secondary structure. As we have point previously, IncRNAs can
produce secondary structures that are linked to their function, making conservation of
the secondary structure something to be expected. Unfortunately, in silico secondary
structure predictions are not fully reliable yet for comparison analyses in most of the
cases. Besides, there are studies indicating that there could be no strong secondary
structure conservation at all, leaving this dimension at the same level of the sequence
level (Rivas et al. 2017). The third dimension is referred as the conservation of function.
The problem is based in how to properly state if two INcRNA with the same function are
homologous or the result of an evolutive convergence event. If we found a IncRNA with
the same function present in two distant species without sequence or structure
conservation, we can still find evidence of an evolutionary common origin in the fourth
dimension, the conservation of locus synteny. This fourth dimension can be further

stretched if we look at microsynteny conservation (Irimia et al. 2012) as we have done
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in this study. The conservation of just few genes loci in distant species is a good indicator
of selective pressure that can maintain the function of a IncRNA across great

evolutionary distances.

Dimensions of conservation
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Figure 18. Graphic representation of the four dimensions of IncRNA conservation from Diederichs 2014
Classification

Although there are several ways to classify a IncRNA (Jarroux et al. 2017), in this study
we will focus on two of them. The first one regards their location within the genome
relative to their coding neighbours (Figure 19). Under this classification, IncRNAs can be:
(i) intergenic, also referred as lincRNAs, when they don’t overlap any other coding gene;
(i) intronic, when they are located within the intron (or introns) of a coding gene in the
same strand; (iii) antisense, located in the same locus as a coding gene but in the
opposite strand; (iv) bidirectional, similar to the intergenic ones, but in the opposite
direction of a coding gene, where they may partially overlap with the 5’ region of said
coding gene, and sharing a bidirectional promoter; (v) overlapping, these IncRNAs span
across one or several coding genes.

Intergenic Intronic Antisense Bidirectional Overlapping

> HID Hi-D H—D> )

Figure 19. Schematic representation of the different IncRNA classes (red) respect their coding neighbours
(black and grey).
The second classification highlighted in this study is the one referring to function. There
are several functions that can be addressed to IncRNAs, but the main ones would be:
(i) Precursor IncRNAs; this kind of IncRNAs produce shorter regulatory RNAs like
miRNAs or siRNAs. One example is the previously mentioned H19 which also has a

function in imprinting (Cai and Cullen 2007).
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(ii) LncRNAs sponges; in this case these molecules will be the target of miRNAs acting
as a decoy, sequestrating them and modulating the silencing response of said miRNAs.
They have a huge importance in plant regulation (Zhou et al. 2014).

(iii) Guide IncRNAs; as the name says, they can recruit protein complexes and guide
them to specific loci. The mechanism of targeting involves in some cases a triple helix
structure between the DNA and the IncRNA, but no RNA/DNA sequence
complementarity is usually found.

(iv) IncRNA scaffolds; they have a role in the assembly of ribonucleoprotein complexes.
These complexes can behave differently when their assembly is mediated by a IncRNA,
thus providing another level of regulation for an already existing complex. Hotair and its
assembly of the PRC2 is a good example of these IncRNAs. In addition, a subtype of this
kind of IncRNAs, referred as architectural IncRNAs, is essential in the assembly of some

complexes.

Challenges

So far, we have slightly mentioned some of the problems when working with IncRNAs,
like their lower expression levels compared with mRNAs or they short expression
window, but the challenges do not end there. When trying to characterize the function
of a IncRNA by loss-of-function analysis we cannot just disrupt the open reading frame
like in coding genes. Morpholino oligonucleotides, for example, can be used effectively,
as long as the IncRNA is spliced (Ulitsky et al. 2011), by targeting one of the splice sites
to impede the splicing and therefore the proper folding of the IncRNA, but this limits the
possible MOs to the number of splice sites in the gene. Interference RNAs can be used
to degrade the IncRNA (Leone and Santoro 2016), but they are limited to cytoplasmatic
IncRNAs, and some of them act in the nucleus. Deletions and inversions of the whole
locus can effectively halt the IncRNA transcription, but this could also affect to the
regulatory sequences present in that locus for neighbouring genes.

Their proper classification is also a challenge by itself. There are several ways to classify
them as we have seen, and some more that can be considered. Although IncRNAs are
characterized by not having a normal open reading frame, some of them can have small
ORFs up to 100 codons. These small ORFs (smORFs) can be transcribed and some of

them even translated into small functional peptides (Couso and Patraquim 2017). This

24



Introduction

could mean a IncRNA could be true non-coding, smORF producing IncRNA or dual, having
functions associated as a IncRNA an also as a smORF producer.

Finally, evolutionary speaking, they have a massive genomic generation and decay as
exposed by Neme and Tautz (2016). They found that when analysing the genus Mus, if
they collapse all the polyadenylated transcripts found in the nine species analysed in an
ancestral-like genome, the complete genome would be undergoing transcription. This
means that although there are some IncRNAs that are conserved through evolution, as
we have seen and will expand in this study, in most of the cases they will be almost

species specific.

2.2. Hotairm1 (HOX antisense intergenic RNA myeloid 1)

Overview

In this study, we will focus in one of the well-known conserved IncRNAs, Hotairm1. This
gene was first identified being expressed in myeloid lineage cells by Zhang et al. (2009).
When analysing the intergenic regions of the Hox cluster, they found that this IncRNA
had transcription levels associated with retinoic acid-mediated myeloid differentiation,
hence its name. They also stated that the knockdown with shRNA attenuated the
transcription of the posterior HoxA cluster genes.

Its role during the myeloid differentiation was clear, but it was also found playing a
role in the differentiation of neurons. Although the basal expression levels are low, its
expression is dynamically regulated during neuronal differentiation, showing a sharp
increase in early differentiating neurons (Lin et al. 2011). That means that its function as
a regulator of the Hox cluster seen in myeloid differentiation is probably not restricted
to that process, and that it may be regulating the Hox cluster in other processes like
neurogenesis (Gavalas et al. 2003).

In the next years, thanks to its relatively high (for a IncRNA) sequence conservation,
Hotairm1 was traced back to the origin of therian mammals (Yu et al. 2012) after being
discovered in marsupials. Later, it was found in several avian and reptile transcriptomes,
making its origin now being at the origin of the amniotes (Gardner et al. 2015). But
although it was known to be conserved, and to be misregulated in several types of

cancer (Esfandi et al. 2019; Q. Li et al. 2018; Ren et al. 2019; Song et al. 2019) its
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mechanism of function remained a mystery until the findings of Wang and Dostle
(2017).

Mechanism of Hotairm1

Using NT2-D1 cell lines, a kind of neuroectodermal lineage precursor that
differentiates under the exposure to RA with an induction of Hox cluster genes, Wang &
Dostle were able to elucidate the mechanism of action of Hotairm1. First, they found
that there were actually two isoforms at play, one spliced and one unspliced. After
knocking down Hotairm1 with a shRNA and two siRNA and analysing the expression
levels of the two isoforms and the HoxA cluster, they deduced that the spliced isoform
must be repressing the middle HoxA genes, while the unspliced isoform must be
promoting the expression of the anterior HoxA genes. They also found that Hotairm1
was acting through remodelling of the chromatin, coupling with the PRC2 in its spliced
form and with UTX/MLL complex in its unspliced form (Figure 110). Interestingly
however, the function and expression of Hotairm1 was, to our knowledge, not studied

in any whole animal system, neither in any embryo, up to this thesis.
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Figure 110. Diagram illustrating how HOTAIRM1 regulates the expression of HOXA genes in NT2-D1 cells.
The model suggests how HOTAIRM1 contributes to the collinear activation of proximal HOXA genes
through modulation of both spatial chromatin organization and the distribution of histone-modifying
complexes, from Wang and Dostle 2017.
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Objectives
The finding of conserved gene regulatory elements is at the very core of the Evo-devo

discipline. Besides, the regulation of the Hox cluster is key to understand how the
different organisms evolved, hence finding underlying conservations can help to unravel
the detailed mechanisms of its regulation. As IncRNAs like Hotairm1 and ParaHox cluster
genes are known regulators of Hox genes, the objectives of this thesis are:
e The proper identification of the IncRNA fraction within the Branchiostoma
lanceolatum transcriptome.
e The establishment of a new method to find underlying lincRNA orthologies
using microsynteny.
e The characterisation of Hotairm1 expression and function in chordates.
e The analysis of the ParaHox cluster genes Cdx and Pdx knockouts in
Branchiostoma floridae.
e The analyses of the ParaHox gene Cdx in the regulation of the Hox cluster

during development.
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Article RI:

Abstract

Vertebrates have greatly elaborated the basic chordate body plan and evolved highly
distinctive genomes that have been sculpted by two whole-genome duplications. Here we
sequence the genome of the Mediterranean amphioxus (Branchiostoma lanceolatum) and
characterize DNA methylation, chromatin accessibility, histone modifications and
transcriptomes across multiple developmental stages and adult tissues to investigate the
evolution of the regulation of the chordate genome. Comparisons with vertebrates identify an
intermediate stage in the evolution of differentially methylated enhancers, and a high
conservation of gene expression and its cis-regulatory logic between amphioxus and
vertebrates that occurs maximally at an earlier mid-embryonic phylotypic period. We analyse
regulatory evolution after whole-genome duplications, and find that—in vertebrates—over
80% of broadly expressed gene families with multiple paralogues derived from whole-genome
duplications have members that restricted their ancestral expression, and underwent
specialization rather than subfunctionalization. Counter-intuitively, paralogues that restricted
their expression increased the complexity of their regulatory landscapes. These data pave the
way for a better understanding of the regulatory principles that underlie key vertebrate
innovations.
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Vertebrates have greatly elaborated the basic chordate body plan and evolved highly distinctive genomes that have
been sculpted by two whole-genome duplications. Here we sequence the genome of the Mediterranean amphioxus
(Branchiostoma lanceolatum) and characterize DNA methylation, chromatin accessibility, histone modifications and
transcriptomes across multiple developmental stages and adult tissues to investigate the evolution of the regulation of
the chordate genome. Comparisons with vertebrates identify an intermediate stage in the evolution of differentially
methylated enhancers, and a high conservation of gene expression and its cis-regulatory logic between amphioxus and
vertebrates that occurs maximally at an earlier mid-embryonic phylotypic period. We analyse regulatory evolution
after whole-genome duplications, and find that—in vertebrates—over 80% of broadly expressed gene families with
multiple paralogues derived from whole-genome duplications have members that restricted their ancestral expression,
and underwent specialization rather than subfunctionalization. Counter-intuitively, paralogues that restricted their
expression increased the complexity of their regulatory landscapes. These data pave the way for a better understanding
of the regulatory principles that underlie key vertebrate innovations.
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Fig. 1 | Functional genome annotation of amphioxus. a, Summary

of the 94 amphioxus samples generated in this study, comprising eight
functional-genomic datasets. The number of biological replicates is
indicated for each sample type. div., diverticulum; MethylC/RRBS,
methylC sequencing and reduced representation bisulfite sequencing;
Premet., premetamorphic. b, Genome browser excerpt showing a selection
of available tracks, including gene annotation, sequence conservation
(using phastCons), repeats and several epigenomic and transcriptomic
datasets. Green rectangle highlights the APRE tested in e. ¢, Numbers

and proportions of amphioxus and zebrafish APREs according to their

To date, the effect of vertebrate WGDs on gene regulation have
remained poorly understood—both in terms of the fates of duplicate
genes and the acquisition of the unique genomic traits that are charac-
teristic of vertebrates. These traits include numerous features that are
often associated with gene regulation, such as unusually large intergenic
and intronic regions>®, high global 5-methylcytosine (5mC) content and
5mC-dependent regulation of embryonic transcriptional enhancers’.
To investigate these traits, appropriate species must be used for compar-
isons. Previous studies have largely focused on phylogenetic distances
that are either too short (such as human versus mouse) or too long
(such as human versus fly or nematode), resulting in limited insights.
In the first case, comparisons among closely related species (for exam-
ple, between mammals®~'')—for which the orthology of non-coding
regions can be readily determined from genomic alignments—
have allowed fine-grained analyses of the evolution of transcription-
factor binding. In the second case, three-way comparisons of human, fly
and nematode by the modENCODE consortium revealed no detectable
conservation at the cis-regulatory level'? and very little conservation of
gene expression!”. Moreover, the genomes of flies and nematodes are
highly derived!416. Thus, we lack comprehensive functional genomic
data from a slow-evolving, closely related outgroup that would enable
an in-depth investigation of the origins of the vertebrate regulatory
genome and of the effect of WGDs on gene regulation.

Unlike flies, nematodes and most non-vertebrates, amphioxus
belongs to the chordate phylum. Therefore, although amphioxus lacks
the specializations and innovations of vertebrates, it shares with them
a basic body plan and has multiple organs and structures homologous
to those of vertebrates'. For these reasons, amphioxus has widely been
used as a reference outgroup to infer ancestral versus novel features
during vertebrate evolution. Here, we undertook a comprehensive study
of the transcriptome and regulatory genome of amphioxus to inves-
tigate how the unique functional genome architecture of vertebrates
evolved.

genomic location. Promoters, within 1-kbp upstream and 0.5-kbp
downstream of an annotated TSS; gene body, within an orthology-
supported gene; proximal, within 5-kbp upstream of (but not overlapping
with) a TSS; distal, not in the aforementioned categories. d, Cumulative
distributions of the distance between each APRE and the closest annotated
TSS in each species. e, Lateral view of a representative transgenic zebrafish
26-hpf embryo showing GFP expression driven by an amphioxus APRE
associated with Pax1/9 (‘Pax1/9-126 highlighted in b) in pharyngeal
arches (PA; n = 4/4). Positive-control enhancer was expressed in the
midbrain (MB). Scale bar, 250 pm.

Functional genome annotation of amphioxus

We generated an exhaustive resource of genomic, epigenomic and tran-
scriptomic data for the Mediterranean amphioxus (B. lanceolatum),
comprising a total of 52 sample types (Fig. 1a and Supplementary
Data 2, datasets 1-5). These datasets were mapped to a B. lanceolatum
genome that was sequenced and assembled de novo, with 150 x cover-
age, a total size of 495.4 Mbp, a scaffold N50 of 1.29 Mbp and 4% gaps
(Extended Data Fig. 1a—c). To facilitate access by the research com-
munity, we integrated these resources into a UCSC Genome Browser
track hub (Fig. 1b; available at http://amphiencode.github.io/Data/),
together with an intra-cephalochordate sequence conservation track
and a comprehensive annotation of repetitive elements (Extended
Data Fig. 1d-f) and long non-coding RNAs (Extended Data Fig. 1g
and Supplementary Data 2, dataset 6). To enable broader evolutionary
comparisons, we reconstructed orthologous gene families for multiple
vertebrate and non-vertebrate species (Supplementary Data 2, data-
set 7), generated several equivalent datasets for zebrafish and medaka
(Extended Data Fig. 2a), and built a dedicated server for synteny com-
parisons (Extended Data Fig. 1h).

A comprehensive functional annotation of the B. lanceolatum
genome identified 88,391 putative cis-regulatory elements of DNA as
defined by assay for transposase-accessible chromatin using sequencing
(ATAC-seq) (these elements are hereafter referred to as APREs), as well
as 20,569 protein-coding genes supported by orthology. We divided
the APREs into promoters—around transcription start sites (TSSs),
which were highly supported by cap analysis gene-expression sequenc-
ing (CAGE-seq) data, Extended Data Fig. 2b—and gene-body, prox-
imal and distal APREs (Fig. 1c). Equivalent analyses using zebrafish
data yielded 256,018 potential regulatory regions, with a significantly
higher proportion of these being distal APREs (Fig. 1c; P < 2.2 x 10716,
one-sided Fisher’s exact test). A significantly larger global TSS distance
in APREs was observed for all vertebrates compared to amphioxus
(Fig. 1d), even after correcting for differences in average intergenic
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Fig. 2 | 5mC patterns and dynamics in the amphioxus genome.

a, Percentage of methylated CpG dinucleotides in oyster (mantle,

n = 14,779,123), amphioxus (8 hpf, n = 19,657,388) and zebrafish (1,000-
cell stage, n = 38,989,847) samples. Low, >0-20%; medium, 20-80%; high,
>80%. b, k-means clustering (n = 2) of 5mC signal over hepatic-specific
APREs. ¢, Percentage of methylated CpG dinucleotides as assessed by
whole-genome bisulfite sequencing (WGBS) and reduced representation
bisulfite sequencing (RRBS) in embryos and adult tissues in APREs from b.
d, Distribution of expression levels for genes associated with APREs
displaying distinct 5mC patterns in b. Cluster 1: 1,114 genes; cluster 2:
1,594 genes. cRPKM, corrected (per mappability) reads per kb of
mappable positions and million reads. Hep, hepatic diverticulum.

e, Genomic distribution of regions with distinct 5mC patterns from b.
Hep. dyn., dynamic APREs active in the hepatic diverticulum.

length among species (Extended Data Fig. 2¢c; P < 2.2 x 107! for all
vertebrate-versus-amphioxus comparisons, one-sided Mann-Whitney
tests). Amphioxus APREs showed enrichment for enhancer-associated

chromatin marks (Extended Data Fig. 2d), which were highly dynamic
during embryo development (Extended Data Fig. 2e-g), and consist-
ently drove GFP expression in zebrafish or amphioxus transgenic
assays (93% (14/15), Fig. 1e and Extended Data Fig. 2h, i). Moreover,
89% (32/36) of previously reported amphioxus enhancers overlapped
APREs defined by our data. Therefore, a large fraction of APREs pro-
bably act as developmentally regulated transcriptional enhancers.

Disentangling vertebrate bidirectional promoters
Analyses of core promoters, defined by CAGE-seq, at single-nucleotide
resolution revealed that amphioxus promoters display a mixture of
pan-metazoan, pan-vertebrate and unique features (Extended Data
Fig. 3 and Supplementary Information). These analyses also identified
that 25% (3,950/15,884) of neighbouring protein-coding genes were
arranged in bidirectional promoters. Bidirectional promoters were
most common among ubiquitous promoters (Extended Data Fig. 4a),
displayed a marked periodicity in the distance between promoters
(Extended Data Fig. 4b, c) and were associated with genes that were
significantly enriched in housekeeping functions (Extended Data
Fig. 4d). Notably, the fraction of bidirectional promoters defined by
CAGE-seq decreased progressively from amphioxus to mouse (12.83%
(1,752/13,654)) and to zebrafish (7.84% (1,098/14,014)), which sug-
gests a disentanglement of ancestral bidirectional promoters after each
round of WGD (two in tetrapods and three in teleosts). Consistently,
the majority of a set of 372 putatively ancestral, bidirectional promot-
ers were lost in vertebrates—particularly in stem vertebrates (54.5%)—
with only very few amphioxus-specific losses (5.3%) (Extended Data
Fig. 4e, f).

Developmental DNA demethylation of APRESs

Similar to other non-vertebrates'’~!?, the amphioxus genome exhibited
very low levels of CpG methylation (Fig. 2a); nearly all of the 5mC
occurred in gene bodies, in which the proportion of methylated CpGs
correlated positively with gene-expression levels but negatively with
the density of H3K27me3 and H3K4me3 histone marks and CpG
dinucleotides (Extended Data Fig. 5a—c). However, as in zebrafish and
frogs’, global levels of 5mC displayed a decrease during development
(Extended Data Fig. 5d-g), coinciding with the onset of expression
of the amphioxus orthologue of TET demethylase (Extended Data
Fig. 5h).
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Fig. 3 | The hourglass model and chordate embryogenesis. a, Stages of
minimal transcriptomic divergence (using the Jensen-Shannon distance
metric) from four vertebrate species to each amphioxus stage. The grey
box outlines the period of minimal divergence, with the corresponding
vertebrate periods indicated (the range is given by the two less divergent
stages). Dispersions correspond to the standard deviation computed

on 100 bootstrap re-samplings of the orthologue sets (amphioxus-
chicken: 5,720; amphioxus-zebrafish: 5,673; amphioxus—frog: 5,883;
and amphioxus-medaka: 5,288). HH, Hamburger-Hamilton stage.

b, Heat map of pairwise transcriptomic Jensen-Shannon distances
between amphioxus (vertical) and zebrafish (horizontal) stages. A smaller
distance (red) indicates higher similarity. dpf, days post-fertilization.
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Amphioxus stage

¢, Zebrafish and amphioxus pairwise Pearson correlation of relative
enrichment z-scores for transcription-factor (TF) motifs in dynamic
APREs, active at different developmental stages. Top, maximal correlation
for each amphioxus stage against the zebrafish stages. Bottom, heat map
with all pairwise correlations. 80 epi, 80% epiboly stage; 8 som, 8-somite
stage. d, Sequence conservation levels within the cephalochordates of
active APREs at each developmental stage, visualized as the distribution
of average phastCons scores. The number of APREs at 8 hpf = 5,282; at
15 hpf = 17,387; at 36 hpf = 21,089; at 60 hpf = 22,674; and in hepatic
diverticulum (hep) = 16,551. Dots correspond to the mean values and
lines represent the interquartile range.
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Fig. 4 | Transcriptomic and cis-regulatory
conservation of adult chordate tissues.
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To assess whether these 5mC dynamics may have regulatory poten-
tial, we identified adult hepatic diverticulum-specific APREs that
are inactive during development. Unlike embryo-specific APREs
(Extended Data Fig. 6a), the clustering of these adult APREs on the
basis of 5mC content revealed two distinct subsets, one with hepatic-
specific and one with constitutive hypomethylation (Fig. 2b).
Differentially methylated APREs (cluster 1) also displayed robust
hypomethylation in other adult tissues (Fig. 2c), which suggests that
demethylation at these APREs occurs organism-wide. Both groups
of hepatic-specific APREs were enriched for binding sites of liver-
specific transcription factors—such as Hnf4a—as well as broadly
expressed transcription factors such as Foxa (Extended Data Fig. 6b),
which is a pioneer factor that participates in 5mC removal at regulatory
regions in mammals®.

APREs from both clusters were preferentially associated with
genes with metabolic functions (Extended Data Fig. 6¢). However,
only APREs with hepatic-specific hypomethylation (cluster 1) were
primarily associated with genes that displayed steady widespread
expression (Fig. 2d and Extended Data Fig. 6d, e); these APREs were
mainly located within gene bodies (Fig. 2e). These data suggest that
demethylation of these APREs may contribute to their identification
as adult-specific, transcriptional cis-regulatory elements within contin-
uously hypermethylated gene-body contexts, which is characteristic of
non-vertebrate species. Fourteen zebrafish gene families contained dif-
ferentially methylated APREs in introns that are orthologous to those
identified in amphioxus—amongst these are four genes that encode
components of the Hippo pathway, including the transcriptional effec-
tors Yap (yapl and wwirl) and Tead (teadla and tead3a) (Extended
Data Fig. 6f, g).

The hourglass model and chordate embryogenesis
Previous comparative analyses among vertebrate transcriptomes
showed a developmental period of maximal similarity in gene expression
that coincides with the so-called phylotypic period, consistent with the
hourglass model?*. However, similar comparisons with tunicates and
amphioxus have thus far not resolved a phylotypic period shared across
all chordates?. Pairwise comparisons of stage-specific RNA sequencing
(RNA-seq) data from developmental time courses of amphioxus against
zebrafish, medaka, frog (Xenopus tropicalis) and chicken revealed a
consistent period of highest similarity (Fig. 3a, b and Extended Data
Fig. 7) that occurred slightly earlier than those reported for vertebrates;
in amphioxus, this corresponds to the neurula at the 4-7-somite stage
(18-21 hours post fertilization (hpf)). At the regulatory level, pairwise
comparisons between the relative enrichment of transcription-factor
motifs in sets of dynamic APREs that were active at each stage were also
consistent with an earlier hourglass model** (Fig. 3c). By contrast, at a
shorter timescale, comparisons between different species of amphioxus
showed that the sequence conservation for the same APREs was higher
after the putative chordate phylotypic period (Fig. 3d).

21,22

Regulatory conservation shapes chordate body plan

Additional comparisons of embryo transcriptomes and neighbourhood
analysis of conserved co-expression?® showed a high conservation
of developmental and global expression patterns and of gene func-
tions between amphioxus and vertebrates (Extended Data Fig. 8 and
Supplementary Information). Further pairwise comparison of co-
regulated gene modules across tissues between amphioxus and zebrafish
revealed multiple pairs with highly significant levels of orthologue over-
lap (Fig. 4a). These included modules with conserved tissue-specific
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Fig. 5 | Higher regulatory complexity in vertebrate regulatory
landscapes. a, Distribution of the number of APREs within the regulatory
landscape of each gene (as estimated by GREAT), at comparable pre-
phylotypic developmental stages (15 hpf for amphioxus and 8 somites

for zebrafish). n = 6,047 and 9,239 genes for amphioxus and zebrafish,
respectively. b, As in a, but with gene families separated according to the
number of retained ohnologues per family in vertebrates (from 1 to 4,
using mouse as a reference). The percentage of developmental regulatory
genes (TD, trans-dev) in each category is indicated. ¢, As in b, but only the
genes with the lowest (‘min, in red) and the highest (‘max;, in blue) number
of APRE:s are plotted for each ohnologue family. d, Distributions of the
number of APREs per gene among subsets of amphioxus and zebrafish
genes matched by GREAT-region size (= 500 bp) and binned by size as
indicated. e, Density scatter plot of the number of APREs (y axis) versus
the size of the GREAT region (x axis) per gene and species. Pearson (r)
and Spearman (p) correlation coefficients are indicated. Sample sizes:
amphioxus, 20,053; zebrafish, 20,569; medaka, 15,978; mouse, 18,838.
a-d, *** P < 0.001; one-sided Mann-Whitney tests of the zebrafish
distribution versus the equivalent amphioxus distribution. Exact P values
and sample sizes are provided in Supplementary Data 2, dataset 8.

expression that were enriched for coherent Gene Ontology catego-
ries, including genes with high expression in organs with ciliated cells
(for example, spermatozoa and gill bars) (labelled ‘1" in Fig. 4a—c)
as well as neural, muscle, gut, liver, skin and metabolism-related
modules (Supplementary Data 1). We also found a significant positive
correlation between relative motif-enrichment scores for many pairs of
modules (Fig. 4b); the most-enriched transcription-factor motifs
within each cluster were highly consistent between amphioxus and
zebrafish (Fig. 4d).

Higher regulatory information in vertebrate genomes

To investigate the effect of WGDs on the evolution of vertebrate
gene regulation, we first asked whether the number of putative reg-
ulatory regions per gene is higher in vertebrates than in amphioxus.
We observed significantly more APREs in the regulatory landscape
of each gene (as defined by the ‘Genomic Regions Enrichment of
Annotations Tool’ (GREAT)?S) in zebrafish than in amphioxus
(Fig. 5a). This difference is particularly evident for gene families that
have retained multiple copies after WGD (known as ohnologues;
Fig. 5b), for which the number of APREs is very uneven between cop-
ies, with marked regulatory expansions observed for some ohnologues
(Fig. 5¢). The same patterns were detected for all developmental stages
of amphioxus and zebrafish, as well as for medaka and mouse genomes,
and were highly robust to down-sampling of ATAC-seq coverage in ver-
tebrates (Extended Data Fig. 9a—c). We also detected a higher number
of peaks associated with regulatory genes (‘trans-dev’ genes that are
involved in the regulation of embryonic development) compared to
housekeeping genes in all species (Extended Data Fig. 9d), consistent
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with the higher frequency of retention of trans-dev genes in multiple
copies after WGD? (Fig. 5b). Comparison of regulatory landscapes—
determined experimentally using circular chromosome conformation
capture followed by sequencing (4C-seq)—for 58 genes from 11 trans-
dev gene families in amphioxus, zebrafish and mouse showed similar
results (Extended Data Fig. 9e).

As expected, the higher number of APRESs in zebrafish was associated
with larger intergenic regions in this species (Extended Data Fig. 9f).
However, the differences in APRE complements were not attributable
only to an increase in genome size in vertebrates, as subsets of amphi-
oxus and zebrafish genes with matched distributions of GREAT or
intergenic-region lengths also displayed a higher number of APREs in
zebrafish (Extended Data Fig. 9g, h). Further investigation of matched
distributions showed that these differences were particularly great in
genes with large regulatory landscapes (>50 kb) (Fig. 5d). Thus, larger
regions in amphioxus did not scale at the same rate as in vertebrates
in terms of regulatory complexity (Fig. 5e), which is consistent with
the overall lower proportion of distal APREs identified in this species
(Fig. 1¢, d). In summary, these analyses reveal a large increase in the
number of regulatory regions during vertebrate evolution (and/or a
decrease in these regions in amphioxus)—particularly of distal reg-
ulatory elements—and that this trend is enhanced for specific gene
copies retained after the WGDs, pointing to unequal rates of regulatory
evolution for different ohnologues.

More-complex regulation in specialized ohnologues

The duplication-degeneration-complementation (DDC) model
hypothesizes that the retention of duplicate genes could be driven by
reciprocal loss of regulatory elements and restriction of paralogues
to distinct subsets of the ancestral expression pattern®’. In particular,
the DDC model predicts that individual paralogues would each have
more restricted expression than an unduplicated outgroup, but that
their summation would not. To test this, we binarized the expression
(‘on’ or ‘off’) of each gene in nine homologous expression domains
in amphioxus, zebrafish, frog and mouse (Fig. 6a). When comparing
genes that returned to single-copy status after WGDs, we detected no
expression bias between amphioxus and vertebrates (Fig. 6a, b and
Extended Data Fig. 10a, b). By contrast, when vertebrate ohnologues
were compared to their single amphioxus orthologues, the distributions
were strongly skewed and many vertebrate genes displayed far more
restricted expression domains (Fig. 6b and Extended Data Fig. 10a, b;
similar results were obtained by comparing 7 values?, Extended Data
Fig. 10c-e). The symmetrical pattern was fully recovered when the
expression of all vertebrate members was combined, or when the raw
expression values were summed for each member within a paralogy
group (Fig. 6a, b and Extended Data Fig. 10a, b).

Although the above findings are consistent with the DDC model,
they are also compatible with an alternative model in which a subset
of duplicate genes becomes more ‘specialized’ in expression pattern
while one or more paralogues retain the broader ancestral expres-
sion?’. To distinguish between these alternatives, we analysed a
subset of multi-gene families in which both the single amphioxus
orthologue and the union of the vertebrate ohnologues—and thus
probably the ancestral gene—were expressed across all nine samples
that we compared. We then identified (i) gene families in which all
vertebrate paralogues were expressed in all domains (termed ‘redun-
dancy’), (ii) gene families in which none of the vertebrate members
had expression across all domains (termed ‘subfunctionalization’)?’
and (iii) gene families in which one or more vertebrate ohnologues
were expressed in all domains, but at least one ohnologue was not
(termed ‘specialization’) (Fig. 6¢). We obtained very similar results
for the three vertebrate species we studied (Fig. 6d): between 80 and
88% of gene families were subfunctionalized or specialized, which
implies that ancestral expression domains have been lost in at least
one member. Moreover, specialization was consistently more fre-
quent than subfunctionalization as a fate for ohnologues with broad
ancestral expression.

© 2018 Springer Nature Limited. All rights reserved.



ARTICLE

a ' d _100-
Amphi —_
1-to-1 orthologues mphioxus 900000000 ]:o X
Zebrafsh @ @ @ @ O © ® O @ 9 80+
! 5 60+
Amphioxus @ @ @ @O @ @O @ ; 2
Ohnologues X ] =71_ 3 i
(1-to-many) | Zebrafsht @ @ O @O © @O @ =4 -0 S 07| a4 253
Zebrafish2 @ O @ O O O @ O O TE 20 28
Zebrafishunion @ @ @ @ O © @ O @ IS
. . . > 0 i
Q/@qu 6,0@'}\604 Q@ @‘P’\\ O\tq"i\é};%&(b Mouse Frog Zebrafish
<& Ry
b (]
o 1-to-1 orthologues ” Ohnologues 1004
i= i=4 2
@1'000 More in More in _E 700 More in More in Sl 80
S 800 amphioxus zebrafish I 600 amphioxus zebrafish Y
g -« —> £ 500 -« —> 2 60
8 600 S 400 5
o 3 k]
8 2 300 5 40
S 400 B 3
£ £ 200 Individual 2 9o
2 200 2 100 g
5 <] Z o4
s o s 0 . .
2 o nonrmANONIEN60AD 2 | SALHNDINONLD NGO S ST 50 8505
_ Domainsg,, — Domainsy, Domainsg,, — Domainsy, f oo« \QQ‘ >
[} 1)
2 2 <1007 ' . . '
2 500 S H
g 1.0 .@ More in More in °\; - E E
% 01 8 400 amphioxus zebrafish £ 901 H
2 £ -« —> 3 R N
g 10 g 300 £ 809 e
g ° @ AT e L |
2 20 2 500 8 70 N
£ o H 2 |
_ G an
g N N N 2 100 3 60 pr—
& el -b\\? ° 6‘»@ 5 @ ra
> N o N 5 X > O
s} S ) S & $ & &
° RS z DALONDUNONYD BOOA D 0(\6@ & & o@ &
© - N
Ohnologues Domainsg,, — Domains;,, Q@é 24 %Q"'o R 6Qe,°
c (i) Redundancy B 9 » 80 .
< H
Ohnologie 1 @ G GO OO © © ® S S
Ohnol 2 3 €0 | T
Amphioxus and nologue2 0 0000000 ff E - E ;
vertebrate union (ii) Subfunctionalization @ T 401 T ; i :
° H H H
C ) Ohnologie 1 @ @O OO OO ® g 20| ’ I
—_— o
Ohnologue2 OO 00O © ©® ® O E . H .
2 - i H H i
000000000 (iii) Specialization @ 0= X > O )
© © @ AE 10 00 & A R
S TR Ohnologue 1 0 @ OO OO O ® @ S o0 T
&
¢ < Ohnologue2 OO0 OO0 00 @ < * o

Fig. 6 | Expression specialization is the main fate after WGD.

a, Schematic of the analysis shown in b. Expression is binarized for each
gene across the nine homologous samples (‘on, black dots; normalized
cRPKM > 5). b, Distribution of the difference in positive domains
between zebrafish (domainsp,.) and amphioxus (domainsg,) for 1-to-1
orthologues (2,478 gene pairs; yellow), individual ohnologues (3,427 gene
pairs in 1,135 families; lilac) and the union of all vertebrate ohnologues
in a family (purple). Bottom left, log, of the ratio between zebrafish

genes with negative and positive score for each category. ‘Sum’ (black),
binarization of family expression after summing the raw expression values
for all ohnologues. ¢, Schematic of the analyses shown in d, representing
the three possible fates after WGD. d, Distribution of fates after WGD

for families of ohnologues. e, Number of ohnologues with strong

Ohnologues that have experienced strong specialization (<2 remain-
ing expression domains) retained expression more often in neural tissues
(Fig. 6e and Extended Data Fig. 10f-i) and were generally not expressed
in additional vertebrate-specific tissues (Supplementary Information).
Furthermore, they showed the fastest rates of sequence evolution (Fig. 6f
and Extended Data Fig. 10j-1), consistent with an optimization of their
coding sequence to perform their function in a specific tissue and/or with
the evolution of novel functions (neofunctionalization). Ohnologues from
specialized families that have lost expression domains showed signifi-
cantly more associated APREs than ohnologues with the full ancestral
expression (Fig. 6g). We observed a strong positive relationship between
the number of ancestral expression domains lost and the number of
APREs associated with specialized ohnologues (Extended Data Fig. 10m).
This implies that the specialization of gene expression after WGD does not
occur primarily through loss of ancestral tissue-specific enhancers, but
rather by a complex remodelling of regulatory landscapes that involves
recruitment of novel, tissue-specific regulatory elements.

Discussion
By applying functional genomics approaches to the cephalochordate
amphioxus, we have deepened our understanding of the origin and

specialization in zebrafish expressed in each domain. Tis., tissue.

f, Distribution of the percentage of nucleotide sequence similarity between
human and mouse by family type. Ohnologues from specialized families
are divided into ‘spec. equal’ (which maintain all expression domains),
‘spec. mild’ (which have lost some but maintained more than two
expression domains) and ‘spec. strong’ (<2 expression domains remain).
Subfunct., subfunctionalized. g, Distribution of the number of APREs
within GREAT regions for zebrafish ohnologues for each category. Only
statistical comparisons within specialized families are shown. P values in
f and g correspond to two- and one-sided Wilcoxon sum-rank tests
between the indicated groups, respectively. *0.05 > P value > 0.01,
##0.01 > Pvalue > 0.001, ***P value < 0.001. Exact P values and sample
sizes are provided in Supplementary Data 2, dataset 8.

evolution of chordate genomes. We identified APREs in amphioxus,
the activation of which is tightly associated with differential DNA
demethylation in adult tissues—a mechanism previously thought
to be specific to vertebrates. Additional cases may be subsequently
found in other non-vertebrate species when similar multi-omics
datasets are analysed. In amphioxus, APREs of this type usually fall
within gene bodies of widely expressed genes, which suggests that gene
regulation by demethylation could have originated as a mechanism
to allow better definition of enhancers in a hyper-methylated intra-
genic context. If so, this mechanism could have been co-opted into
new genomic contexts—that is, distal intergenic enhancers—later in
the evolution of vertebrate genomes, which are characterized by their
pervasive, genome-wide hypermethylation.

We also found a consistently higher number of open chromatin
regions per gene in vertebrates than in amphioxus. This pattern is
observed at a genome-wide level, but is particularly evident for distal
APREs and in gene families that retain multiple ohnologues after WGD;
these families are enriched for regulatory genes with large regulatory
landscapes. Finally, we detected a large degree of specialization in
expression for retained ohnologues, with the vast majority of multi-
gene families with broad ancestral expression having at least one member
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that restricted its expression breadth. Through this mechanism, verte-
brates have increased their repertoire of tightly regulated genes, which
has potentially contributed to tissue-specific evolution. Gene-expression
specialization was accompanied by faster evolution of protein-
coding sequences, and by an increase-rather than a decrease—in the
number of regulatory elements. Taken together, these observations
indicate that the two rounds of WGD not only caused an expansion and
diversification of gene repertoires in vertebrates, but also allowed func-
tional and expression specialization of the extra copies by increasing the
complexity of their gene regulatory landscapes. We suggest that these
changes to the gene regulatory landscapes underpinned the evolution
of morphological specializations in vertebrates.

Online content

Any methods, additional references, Nature Research reporting summaries, source
data, statements of data availability and associated accession codes are available at
https://doi.org/10.1038/s41586-018-0734-6.
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METHODS

No statistical methods were used to predetermine sample size. The experiments
were not randomized and investigators were not blinded to allocation during
experiments and outcome assessment.

Animal husbandry and embryo staging. Amphioxus gametes were obtained by
heat stimulation as previously described®*>!. Embryos were obtained by in vitro
fertilization in filtered seawater and cultured at 19 °C. Staging was done based
on previous publications*>*3; correspondence between developmental stages and
hpf are provided in Supplementary Table 1. All protocols used for vertebrate spe-
cies (zebrafish and medaka) have been approved by the Institutional Animal Care
and Use Ethic Committee (PRBB-IACUEC, for CRG) or the Ethics Committee
of the Andalusian Government (license numbers 450-1839 and 182-41106, for
CABD-CSIC), and implemented according to national and European regulations.
All experiments were carried out in accordance with the principles of the 3Rs
(replacement, reduction and refinement).

Genome sequencing and assembly. Genomic DNA was extracted from a sin-
gle B. lanceolatum adult male collected in Argeles-sur-Mer, France. The genome
was sequenced using a combination of Illumina libraries from a range of inserts
at Genoscope (897 million reads in total, with a paired-end coverage of 150 ;
Supplementary Table 2). A diploid assembly was generated using SOAPdenovo
assembler> using a k-mer of 71. After gap closing, haplotypes were reconciled
with Haplomerger®.

Genome annotation. We generated deep coverage RNA-seq for 16 developmental
stages and 9 adult tissues (4.16 billion reads in total). The bulk of strand-specific
transcriptomic data was assembled de novo with Trinity*®, aligned and assem-
bled into loci with the PASA pipeline®. De novo gene models were built using
Augustus®® and subsequently refined with EVM® using PASA assemblies and
aligned proteins from other species. In parallel, all strand-specific RNA-seq reads
were mapped to the genome using Tophat2*’, assembled using Cufflinks*! and
open reading frames were predicted using Trans-decoder*. Models obtained using
both these approaches were reconciled yielding a total 218,070 transcripts from
90,927 unified loci, of which 20,569 were protein-coding and had homologues
in at least one of the other studied species (see ‘Comparative genomics’). Gene
Ontology (GO) terms were assigned to amphioxus proteins based on their PFEAM
and Interpro domains, as well as blastp hits against human proteins (1 x 107°).

Repeats were annotated and filtered with RepeatMasker using a custom library

generated with RepeatModeller. Long non-coding RNAs were identified by filter-
ing all transcripts for protein-coding potential using CPAT*® trained with zebrafish
transcripts, and further discarding those that had a positive hit in a HMM search
against the NR and PFAM databases (Extended Data Fig. 1g).
Comparative genomics. We used OMA* to reconstruct gene families and infer
homology relationships based on well-established phylogenetic relationships
between species®’, and further merged families sharing Ensembl paralogues with
‘Euteleostomi’ or ‘Vertebrata’ ancestry. To define the set of high-confidence ohno-
logue families (Supplementary Data 2, dataset 9), we retained families with two to
four copies in three out of five vertebrates (excluding teleosts) and subjected them
to phylogenetic reconciliation.

To assess genome sequence conservation, reciprocal whole-genome alignments
of Branchiostoma floridae, Branchiostoma belcheri and B. lanceolatum were per-
formed using LASTZ and processed with phastCons*® to produce conservation
scores. The distribution of phastCons scores in APREs was determined using
‘dynamic’ ATAC-seq peaks that showed no temporal discontinuity in activity.
Comparative transcriptomics. To investigate the evolutionary conservation of
chordate development at the molecular level, newly generated data from zebrafish,
medaka and amphioxus, as well as available data from the SRA (frog and chicken),
were compared (Supplementary Data 2, dataset 3 and Supplementary Table 3).
Gene expression was estimated with Kallisto*” using Ensembl transcriptome anno-
tations (Supplementary Table 4), and summing up transcripts per million (TPMs)
from all transcript isoforms to obtain one individual gene-expression estimate
per sample. We used single-copy orthologues to pair genes and used the Jensen-
Shannon distance metrics after quantile normalization of TPMs to score distance
between pairs of transcriptomes:
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Statistical robustness towards gene sampling was assessed by calculating tran-
scriptomic distances based on 100 bootstrap replicates and estimating the standard
deviation over these replicates.

To obtain groups of genes with similar dynamics of expression during devel-
opment, genes were clustered based on their cRPKMs*® using the Mfuzz pack-
age®. For this purpose, eight comparable stages were selected in amphioxus and
zebrafish on the basis of conserved developmental landmarks such as fertilization,
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gastrulation and organogenesis (Supplementary Table 5). The statistical signifi-
cance of the orthologous gene overlap between pairs of clusters was assessed using
upper-tail hypergeometric tests.

Modules of co-expressed genes across stages and adult tissues were inferred
using WGCNA® with default parameters in amphioxus (17 samples) and zebrafish
(27 samples) (Supplementary Table 6). The statistical significance of the ortholo-
gous gene overlap between pairs of clusters was assessed using upper-tail hyper-
geometric tests. The numbers of transcription-factor binding-site motifs detected
in APREs in the basal regions of genes from any given cluster were standardized
using z-scores.

To have a general assessment of the extent of conservation or divergence in gene
expression among chordates at adult stages, we used neighbourhood analysis of
conserved co-expression (NACC)?, a method developed to compare heterogene-
ous, non-matched sample sets across species. NACC relies on comparisons of
average distances between pairs of orthologous (genes A and B), the 20 genes with
the closest transcriptomic distance (A and B) and their reciprocal orthologues in
the other species (AB and BA), and is calculated as follows:

NACC= %[(E—A) + (BA—B)]

NACC calculations were performed for each family that contained a single
amphioxus member and up to eight members in zebrafish and were also performed
with randomized orthology relationships as a control.

Regulatory profiling. ATAC-seq. For amphioxus, medaka and zebrafish, ATAC-
seq was performed in two biological replicates by directly transferring embryos
in the lysis buffer, following the original protocol®">2. ATAC-seq libraries were
sequenced to produce an average of 66, 83 and 78 million reads for amphioxus,
zebrafish and medaka, respectively. Reads were mapped with Bowtie2 and
nucleosome-free pairs (insert < 120 bp) retained for peak-calling using MACS2%,
and the irreducible discovery rate was used to assess replicability. Nucleosome
positioning was calculated from aligned ATAC-seq data using NucleoATAC™*
Chromatin immunoprecipitation with sequencing (ChIP-seq). Embryos of unde-
termined gender were fixed in 2% formaldehyde and ChIP was performed as
previously described for other species®®. Chromatin was sonicated and incubated
with the corresponding antibody (H3K4me3: ab8580, H3K27ac: ab4729 and
HeK27me3: ab6002, from Abcam). An average of 30 million reads per library was
generated. Reads were mapped with Bowtie2 and peaks called with MACS2%,
assuming default parameters.

4C-seq. Embryos of undetermined gender were fixed in 2% formaldehyde and
chromatin was digested with DpnlI and Csp6. Specific primers targeted the TSSs of
the studied genes and included Illumina adapters. An average 5 million reads were
generated for each of the two biological replicates. After mapping, reads were nor-
malized per digestion fragment cut and interactions were identified using peakC>
with low-coverage regions excluded.

MethylC-seq and RRBS. Genomic DNA was extracted as previously described®’,
sonicated, purified and end-repaired. Bisulfite conversion was performed with
the MethylCode Bisulfite Conversion Kit (Thermo Fisher Scientific). After
Ilumina library construction, an average of 73 million reads per sample were
sequenced. RRBS libraries were prepared similarly to those for MethyC-seq, but
with restriction digestion with Mspl instead of sonication and PCR amplification.
An average of 46 million reads per sample was generated. Reads were mapped to
an in silico, bisulfite-converted B. lanceolatum reference genome”>®. Differentially
methylated regions in the CpG context were identified as previously described’.
Differential transcription-factor motif enrichment was obtained with DiffBind
from Bioconductor.

CAGE-seq. Libraries were constructed using the non-amplifying non-tag-
ging [llumina CAGE protocol®’. Mouse CAGE-seq data were obtained from
FANTOM5®. Reads were aligned using Bowtie. Nearby individual CAGE TSSs
were combined using the distance-based clustering method in CAGEr® to produce
tag clusters, which summarize expression at individual promoters. Tag clusters
were clustered across samples to produce comparable promoter regions, referred
to as ‘consensus clusters. The consensus clusters were then grouped by expression
patterns using a self-organizing map®2. We investigated the relative presence and
enrichment of the following features: TATA box, YY1 motif, GC and AT content, SS
and WW dinucleotides, first exons and nucleosome positioning signal. Heat maps
were plotted for visualization by scanning either for exact dinucleotide matches or
for position weight matrix matches at 80% of the maximum score. Position weight
matrices for TATA and YY1 were taken from the JASPAR vertebrate collection.
Cis-regulatory comparisons. Depending on the analysis, an APRE was associated
with a specific gene if it was located within: (i) the ‘basal region of the gene (—5 kb
to +1 kb of the TSS; for comparisons of enriched motif composition) or (ii) the
GREAT region of the gene (up to =1 Mb of the TSS unless another basal region
was found; for comparing the number of APREs per gene)?. Stratification of gene

© 2018 Springer Nature Limited. All rights reserved.
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sets by GREAT or intergenic-region size between amphioxus and zebrafish was
done using the function stratify from the matt suite®, with a range of 500 bp.

The DNA-binding specificity of each transcription factor was predicted on the
basis of the binding domain similarity to other transcription-factor family mem-
bers, as previously performed®. Transcription-factor motifs from CIS-BP version
1.02%* were downloaded and clustered using GimmeMotifs®® (P < 0.0001). Two
hundred and forty-two clusters of motifs were assigned to one or more orthologous
groups in both amphioxus and zebrafish and used for all analyses (Supplementary
Data 2, dataset 10). These motifs were detected in APREs using the tools gimme
threshold and gimme scan from GimmeMotifs®.
Effect of WGDs on gene expression. Gene expression was binarized (1 if the nor-
malized cRPKM > 5, and 0 otherwise) across nine comparable samples in amphi-
oxus and three vertebrate species (mouse, frog and zebrafish) (Supplementary
Table 7). Then, for each amphioxus gene and vertebrate orthologue, the expression
bias was measured by subtracting the number of positive-expression domains in
amphioxus from that of vertebrates (Fig. 6a). The amphioxus gene-expression
pattern was also compared to the union of the ohnologues, as well as the pattern
after binarizing the expression for the sum of cRPKM values of all family members.
The analysis was restricted to families with a single member in amphioxus

Next, we selected those ohnologue families for which the ancestral expression
included the nine studied domains, as inferred from having expression in the single
amphioxus orthologue and in the union of the family. For each gene family, we
then defined (Fig. 6¢): (i) redundancy (all vertebrate paralogues were expressed
in all domains), (ii) subfunctionalization (none of the vertebrate members had
expression across all domains®’), and (iii) specialization (one or more vertebrate
ohnologues were expressed in all domains, but at least one ohnologue was not).
Members of the later type were subdivided into ‘strong’ and ‘mild’ specialization
if they retained < 2 or more expression domains. We examined the transcript
sequence similarity as well as the dN/dS between human and mouse (retrieved
from Biomart), and the number of APREs associated with genes from differ-
ent categories. Finally, we computed the 7 tissue-specificity index as previously
described?, to assess more broadly the tissue specificity of ohnologues.
Transgenic assays in zebrafish and amphioxus. Enhancer reporter assays in
zebrafish embryos were performed as previously described®. Selected peaks
were first amplified, cloned into a PCR8/GW/TOPO vector and transferred into a
detection vector (including a gata2 minimal promoter, a GFP reporter gene and a
strong midbrain enhancer (z48) as an internal control)®’. Transgenic embryos were
generated using the Tol2 transposon and transposase method®®. Three or more
independent stable transgenic lines were generated for each construct as reported
in Supplementary Table 8. For amphioxus reporter assays, selected peaks were
amplified and transferred into a detection vector (including the Branchiostoma
minimal actin promoter, a GFP reporter gene and piggyBac terminal repeats).
Transgenic embryos were generated by the piggyBac transposase method.
In situ hybridization. Gene fragments that were synthetically designed or ampli-
fied by PCR from cDNA were sub-cloned into pBluescript II SK and used as
templates for probe synthesis using the DIG labelling kit (Roche) and T3 RNA
polymerase. Embryos at different developmental stages were fixed in PFA 4% dis-
solved in MOPS-EGTA buffer and in situ hybridization carried out as previously
described®, using BCIP/NBT as a chromogenic substrate.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this paper.
Code availability. Custom code is available at https://gitlab.com/groups/
Functional Amphioxus.
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Extended Data Fig. 1 | Summary of genomic assembly and repeat bidirectional promoter; intergenic, IncRNA does not overlap with any
annotation. a, Spectrum of 25-mers in Illumina sequencing data that protein-coding gene. The total number in each category is indicated, with
shows the bimodal distribution that is characteristic of highly the number of those that are multi-exonic in parentheses. h, Quadruple
polymorphic species. b, Heat map showing k-mer decomposition (y axis) conserved synteny between amphioxus and human. Top, amphioxus
across GC content (x axis). Both peaks show comparable GC content, scaffold Sc0000001 aligned against the four human chromosomes with
which is consistent with them representing haploid versus diploid which it shares the highest number of orthologues (chr1, chr5, chr9 and
k-mers. ¢, Flow chart of the steps followed to obtain the B. lanceolatum chr19). In this scaffold, 277 out of 551 genes have clear orthologues in
assembly. d, Repeat landscape and its evolutionary history, shown by the human, and 203 of these have orthologues on at least one of the four
proportion of repetitive elements with a given divergence (K2P) to their mentioned chromosomes. The black horizontal line represents the
consensus in the repeat library (repeatScout). e, Percentage of methylated amphioxus scaffold, and each vertical coloured box an orthologous gene
CpG dinucleotides within repetitive elements, at three developmental on the corresponding human chromosome. Bottom, modified view from
stages and in the adult hepatic diverticulum. f, Distribution of average Genomicus that is centred on the BL22073 gene and spans Sc0000001:
levels of 5mC of different repeat families. Colour key indicates the 7,736,434-8,850,041. On the top line, each amphioxus gene with at
percentage of repeats in each family with corresponding levels of average least one orthologue in the nine reference species is represented with
methylation. g, Computational pipeline to identify long non-coding RNAs  an oriented coloured box. Human genes located in the four ohnologous
(IncRNAs). Categories: antisense, IncRNA overlaps with a protein-coding chromosomes are aligned underneath, in boxes of colours that correspond
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Extended Data Fig. 2 | Dynamics of chromatin marks on APREs and
reporter assays. a, Summary of the zebrafish and medaka RNA-seq

and ATAC-seq datasets generated for this study. Dashed lines indicate
equivalent developmental stages in the two species, based on aprevious
study”®. The number of biological replicates is indicated for each
experiment. Zebrafish 24-hpf ATAC-seq data are from a previous study®”.
b, Cumulative distribution of the distance between CAGE-seq peaks

and the closest annotated TSSs for genes with expression cRPKM > 5 in
any of the samples covered by CAGE-seq (see Fig. 1a). Only CAGE-seq
peaks within 1 kbp of an annotated TSS were tested (amphioxus: 10,435
peaks; zebrafish, 23,326 peaks; and mouse, 23,443 peaks). ¢, Cumulative
distribution of distances between each APRE and the closest annotated
TSS normalized by the average intergenic distance of the species
(amphioxus, 83,471; zebrafish, 252,774; medaka, 174,139; and mouse,
216,857 APREs, as per Fig. 1¢). d, Signal distribution of different marks
within functional-genomic regions in amphioxus. log; of read counts of
H3K4me3, H3K27ac and ATAC-seq, and raw read counts of CAGE-seq
in promoters of homology-supported, protein-coding genes (n = 26,501),
other APREs (‘O. APREs), all APREs that do not overlap a TSS from any
gene model; n = 48,341), proximal APREs (n = 24,622), distal APREs

(n = 11,881), previously validated enhancers (n = 43; Supplementary
Table 9), random regions (n = 88,413) and negative regions (excluding
ATAC-seq peaks, n = 88,413). For region designation, see Fig. 1c. For
clarity, whiskers and outliers are not displayed. e, k-means clustering of
APREs based on H3K27ac signal in three developmental stages. Cluster 1
and 3 APREs were considered as active and inactive, respectively. Average
H3K27ac profiles are represented in the top panels. The number of
APRE:s per cluster and stage are provided in Supplementary Data 2,
dataset 8. f, Alluvial plot that shows the dynamics of each APRE among

the clusters described in e. APREs that remained active (cluster 1 in all
stages) along the three developmental stages are represented in blue,
constitutively inactive APREs (cluster 3 in all stages) in dark grey and
dynamic APREs in red or orange (if inactivated or activated, respectively,
during development). Five groups of APREs of special interest are
highlighted with stronger colours and named GR1-GR5. g, Representative
enriched DNA motifs found in each of the groups described in f. GR1
APRESs were enriched in early motifs (for example, Smad3 and Oct4,

Sox2 and Nanog); GR3 APREs in motifs of transcription factors involved
in the generation of the three germ layers (for example, Foxo3, Sox6

and Sox17); GR4 APRE:s in tissue-specific transcription factors (for
example, Foxa2, Otx2 and Crx); and GR5 APREs in CTCF and CTCF-
like (BORIS) motifs. g values as provided by Homer. h, Lateral views

of embryos from stable transgenic zebrafish lines at 24 hpf (except for
Foxa-243, at 48 hpf) showing GFP expression driven by the amphioxus
APREs listed in Supplementary Table 8 and highlighted in Supplementary
Fig. 1. The number of independent founders with the same expression
were as follows: Six1/2-182 (5/5), Foxa-243 (3/3), Foxa-251 (4/4), FoxC-
3067 (6/6) and Pax1/9-157 (3/3). Midbrain expression corresponds to

the positive-control enhancer included in the reporter constructs. EN,
endoderm; HB, hindbrain; MY, myotomes; PA, pharyngeal arch; SC,
spinal cord. Scale bar, 250 pm. i, Lateral views of transient transgenic
amphioxus embryos, showing GFP expression driven by the APREs
highlighted in Supplementary Fig. 1a, b (Foxa-251 (n = 46 out of 52)

and Foxc-3067 (n = 27 out of 35), respectively) and in a previous study’!
(Hox-1655, n = 72 out of 80). For each element, left panels correspond to
3D rendering from sub-stacks and right panels to z-stack sagittal sections.
Scale bar, 50 pm. Anterior is to the left and dorsal to the top.

© 2018 Springer Nature Limited. All rights reserved.



ARTICLE

a Ubiquitous promoters
Q
T T
1000 -500 200
Embryonic-specific promoters
N.ATAC Q |
5 L]
g . = = :
500 -500 500 -1000 1000 -500 o 200
c Tissue-specific promoters
TA | ) [CG™ Q | T BX.:
T t T T T T | T
-500 0 500 -500 o 500 -1000 1000 -500 500 -500 500 -200 0 200
d e f Ubiquitous promoters
40 p<22x10"
08 Nucleotide | | W E Embryo 200 4 .
[E Female Gonads E
30 [ ] Hepatic g
E‘ 2 H Neural Tube 150 ]
§ 05 ul l 3 M Ubiquitous £
g M, 8 2 :
8 It ' 1. g g 100 - i
8 04 u U v 3
E
H & o
03 Ubiquitous promoters
V]
0 100 200 TATA YY1 no yes
Distance from dominant CTSS Maotif YY1 motif

Extended Data Fig. 3 | Features of amphioxus promoters derived from
CAGE-seq. a—c, Heat maps showing AT and CG signal, nucleosome
positioning (derived from the NucleoATAC signal), promoter width
(interquantile (IQ) range), first exon length and YY1 (a) or TATA box

(b, ¢) motifs around ubiquitous (a, n = 3,710), embryonic-specific

(b, n = 1,451) and tissue-specific (¢, n = 4,154) promoters, sorted by
promoter width. Position 0 corresponds to the main TSS. d, Ubiquitous
promoters show strong evidence for a nucleosome positioned downstream

of the CAGE TSS, as judged from the 12-bp periodicity of W and S
nucleotide density. e, Per cent of promoters of each category that have
associated TATA box or YY1 motifs. Number of promoters: embryo, 1,451;
female gonads, 1,494; hepatic, 2,420; neural tube, 1,734; and ubiquitous,
3,710. f, IQ width distribution of ubiquitous promoters (1 = 3,710) with
and without an associated YY1 motif. P value corresponds to two-sided
Wilcoxon sum-rank tests.
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associated with bidirectional promoters in amphioxus. Uncorrected P associated CAGE promoters was amphioxus, 11,789; mouse, 13,654; and
values correspond to two-sided Fisher’s exact tests as provided by topGO. zebrafish, 14,014.
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Extended Data Fig. 5 | 5mC dynamics in amphioxus. a, 5mC levels
across gene bodies (n = 20,569) from different expression deciles (0™, not
expressed; 10th, highest expression). TTS, transcription termination site.
b, Scatter plots of levels of 5mC and CpG density, H3K4me3, H3K27me3
and H3K27ac in 1-kbp genomic bins sorted on the basis of feature rank.
The red line tracks anti-correlation between feature density and rank
number (a low rank number implies high feature density). The golden line
represents a smoothing spline of 5mC signal versus feature rank number.
Pearson correlation coefficients (R) are displayed in the top right corner of
each panel. ¢, UCSC browser excerpt of 5mC patterns for selected regions.
d, Percentage of methylated CpG dinucleotides in 8-hpf (n = 19,657,388),
15-hpf (n = 21,247,615), 36-hpf (n = 21,702,000) and hepatic (adult,

n = 19,240,245) amphioxus samples. Black line indicates the fraction
between methylated and non-methylated CpGs at each stage. e, Box

plots of average 5mC levels in different types of differentially methylated
regions (DMRs) at each stage. AmCG denotes the change in the fraction
of methylated CpGs between the two stages used for identification of
DMRs (red (hyper) and blue (hypo) boxes). The number of DMRs were as
follows: 8 hpf(+4-)-15 hpf(—), 768; 8 hpf(—)-15 hpf(+), 701; 15 hpf(+)-
36 hpf(—),1,066; 15 hpf(—)-36 hpf(+), 1,025; 36 hpf(+)-liver(—), 22,333;
and 36 hpf(—)-liver(+), 4,154. The coordinates for all DMRs are provided
in Supplementary Data 2, dataset 11. f, Distribution of DMR sizes (in

bp). g, Genomic distribution of DMRs identified for each sample. ‘Other
trans, DMRs that overlap with gene models that were not defined as being
supported by orthology. h, Expression (C(RPKMs) of the amphioxus Tet
orthologue in embryos and adult tissues. Error bars represent standard
error of the mean (the number of replicates for each RNA-seq dataset is
provided in Fig. 1a).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Developmental 5mC dynamics at APREs in
amphioxus. a, k-means clustering (n = 2) of 5mC signal over embryo-
specific open-chromatin regions (that is, APREs), assessed by ATAC-
seq (Supplementary Table 10). b, The most significantly enriched
transcription-factor binding-site motifs in APREs that display different
developmental 5mC patterns in Fig. 2b. Uncorrected P values as provided
by MEME. All plotted motifs had Benjamini-corrected g values of 0.

¢, GO enrichment for genes associated with cluster 1 (top) or cluster 2
(bottom) APREs from Fig. 2b. Uncorrected P values correspond to
two-sided Fisher’s exact tests as calculated by topGO. d, Distribution of
expression values (cCRPKMs) across all samples for genes associated with
cluster 1 (top, n = 1,114) or cluster 2 (bottom, n = 1,594) APREs from

ARTICLE

Fig. 2b. e, Distribution of the coefficients of variation for genes associated
with cluster 1 or cluster 2 APREs from Fig. 2b, as well as all (n = 19,710),
trans-dev (n = 357) and house-keeping (# = 862) amphioxus genes.

f, Example of a potentially conserved (zebrafish to amphioxus) DMR
associated with yap1I, a major transcription factor of the Hippo pathway.
The inset corresponds to the region highlighted in green. The two
ohnologous genomic regions in zebrafish are shown in Supplementary
Fig. 2. Additional cases included genes that contained APREs that are
likely to regulate neighbouring liver-specific genes (‘bystander’ genes)
(Supplementary Table 11). The number of replicates for each experiment
displayed in each track is provided in Fig. 1a.
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Extended Data Fig. 7 | Periods of maximal transcriptomic similarity
across chordate development. a, Stages of minimal transcriptomic
distance obtained in the comparison between amphioxus and zebrafish
for four alternative distance methods (Euclidean, Manhattan and Jensen—
Shannon distances, and Spearman correlation). Values are normalized

to minimal (0) and maximal (1) for each metric. b, Stages of minimal

transcriptomic divergence shown as the smallest Jensen-Shannon distance

between zebrafish stages and four chordate species. The shaded area
surrounding the line that connects the stages is the standard deviation,
derived from 100 bootstrap replicates of the orthologous gene set.

Stage (frog)

1\

The grey box outlines the ‘phylotypic’ period of minimal divergence; the
corresponding periods are indicated for each species as the range provided
by the two closest stages. ¢, d, Heat maps of pairwise transcriptomic
distances (Jensen-Shannon distance metric) between pairs of chordate
species, amphioxus and frog (c), and zebrafish and frog (d). In both heat
maps, the smallest distance (red) indicates maximal similarity of the
transcriptome. The periods of minimal divergence of the transcriptome
are earlier for the amphioxus-frog comparison than for the zebrafish-frog
comparison.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Comparison of temporal gene expression
profiles in amphioxus and zebrafish. a, Heat map showing the
significance of orthologous gene overlap between Mfuzz clusters across
eight matched developmental stages in amphioxus and zebrafish as
derived from an upper-tail hypergeometric test. Some clusters with highly
significant overlap are highlighted, and their corresponding temporal
expression profiles are shown. The profiles of all clusters for the two
species are included in Supplementary Figs. 3, 4. Exact P values and sample
sizes are provided in Supplementary Data 2, dataset 8. b, Distributions

of NACC values for orthologous genes (in red) or random orthology
assignments (blue) for each species against human. Lower NACC values
imply higher conservation of relative expression. Solid lines show the
median, and the dashed lines mark the interquartile range. The number
of orthologue pairs were as follows: mouse, 15,109; zebrafish, 16,480;

and amphioxus, 8,633. ¢, Differentially enriched GO terms among pairs
of zebrafish and amphioxus Mfuzz clusters with significant orthologue
overlap (P < 10~'° upper-tail hypergeometric test) with homochronic
(48 pairs) and heterochronic (35 pairs) patterns. The GO enrichment

of a group was calculated as the number of cluster pairs with significant
enrichment for that given term (Supplementary Data 2, dataset 12). d, Top,
per cent of zebrafish genes from each developmental pathway we studied,
based on the temporal similarity of their corresponding Mfuzz cluster
(homochronic, heterochronic or intermediate). Only genes belonging to
clusters with significant orthologue overlap were analysed; the number
of genes is provided in parenthesis below the pathway name. Bottom,
pairwise comparisons between developmental pathway distributions.

P values correspond to Bonferroni-corrected, two-sided, three-way
Fisher’s exact tests.
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Extended Data Fig. 9 | Higher regulatory content in vertebrate
genomes. a, Distribution of the number of APREs per the regulatory
landscape of a gene (as determined by GREAT?®), at different
developmental stages or cell lines of four chordate species (amphioxus,
zebrafish, medaka and mouse). Orthologous gene families are split
according to the number of ohnologues that are retained per family
(from 1 to 4, using mouse as a reference species for the ohnologue
counts). The percentage of developmental regulatory genes (trans-dev,
TD) in each category is indicated. b, P values of one-sided Mann-Whitney
U tests against the amphioxus peak-number distribution using 100% of
the minimum read coverage for different levels of down-sampling of the
zebrafish and medaka samples. ¢, Distribution of the number of APREs
in the GREAT region of the gene, called after down-sampling the reads
of the two vertebrate samples to different fractions of the sample with
the minimum effective coverage in our study (~21 reads per kbp for the
36-hpf sample in amphioxus). Asterisks correspond to the significance
of the P values of Mann-Whitney U tests against the amphioxus peak-
number distribution using 100% of the minimum-read coverage. The
number of genes per box was as follows: amphioxus, 20,569; zebrafish,

20,053; and medaka, 15,978. d, As in a, but with gene families separated
according to functional categories (housekeeping, trans-dev and others).

e, Number of APREs per regulatory landscape determined using 4C-seq,
for 58 members of 11 trans-dev families. The number of genes probed in
each species is indicated on the x axis. f, Distribution of the length of the
intergenic regions from the genes plotted in a for the indicated stages.

g, Distributions of GREAT-region sizes (left) and number of APREs per
gene (right) for a subset of 10,186 pairs of genes with matched GREAT-
region size distributions (500 bp) in amphioxus and zebrafish.

h, Distributions of intergenic-region sizes (left) and number of APREs

per gene (right) for a subset of 13,941 pairs of genes with matched
intergenic-region size distributions (+500 bp) in amphioxus and zebrafish.
P values correspond to Mann-Whitney U tests: *0.05 > P value > 0.01,
*%0.01 > P value > 0.001, ***P value < 0.001. In a and d, all comparisons
between each distribution of a vertebrate species and the equivalent
distribution in amphioxus produced significant P values (P value < 0.001);
for simplicity, in these panels asterisks are not shown. Exact P values and
sample sizes are provided in Supplementary Data 2, dataset 8.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Regulatory evolution after vertebrate WGD. developmental stage. h, i, Representative in situ hybridization assays in

a, b, For each mouse (a) or frog (b) gene, the number of positive- zebrafish embryos for different members of specialized families (right)
expression domains across nine equivalent samples is subtracted from and for the single amphioxus orthologue (left) (Chordcl and Itgb1bp2 (h)
the number of domains in which the single amphioxus orthologue is and Rab11 (i)). Zebrafish image data for this paper were retrieved from the
expressed. The distribution of the difference in domains between the Zebrafish Information Network (ZFIN), University of Oregon, Eugene, OR
amphioxus and the vertebrate species is plotted for 1-to-1 orthologues 97403-5274; (http://zfin.org/, accessed May 2018) and are used with the
(2,450 and 2,484 gene pairs for mouse and frog, respectively; yellow), permission of B. Thisse. Amphioxus in situ hybridization was performed
individual ohnologues (3,011 and 2,637 gene pairs in 1,212 and 1,094 once using 10 embryos per probe, all of which showed the same expression
families for mouse and frog, respectively; lilac) and the union of all pattern. j, Distribution of the dN/dS ratio between human and mouse
vertebrate ohnologues in a family (purple). Bottom left, log, of the ratio for different classes of ohnologues based on their fate after WGD.

between the sum of all mouse (a) or frog (b) genes with negative versus k, 1, Distribution of the percentage of nucleotide sequence similarity (k)
positive score for each orthology group. ‘Sumy’ (black), binarization of or dN/dS ratio (1) between human and mouse for ohnologues grouped
family expression is performed after summing the raw expression values by the number of expression domains lost. m, Distribution of the

for all ohnologues. c-e, Density scattered plot of the 7 values for pairs number of APREs within GREAT regions for zebrafish ohnologues

of mouse (¢, n = 1,502), frog (d, n = 1,495) and zebrafish (e, n = 1,498) grouped by the number of expression domains lost. P values in

and amphioxus orthologues from multi-gene families in vertebrates. j—m correspond to Wilcoxon sum-rank tests. *0.5 > P value > 0.01;

f, g, Number of ohnologues with strong specialization (<2 remaining #%0,01 > P value > 0.001; ***P value < 0.001.

expression domains) in mouse (f) or frog (g) expressed in each tissue or

© 2018 Springer Nature Limited. All rights reserved.
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Abstract

Homologous long non-coding RNAs (IncRNAs) are elusive to identify by sequence similarity due to
their fast-evolutionary rate. Here we develop LincOFinder, a pipeline that finds conserved
intergenic IncRNAs (lincRNAs) between distant related species by means of microsynteny analyses.
Using this tool, we have identified 16 bona fide homologous lincRNAs between the amphioxus and
human genomes. We characterized and compared in amphioxus and Xenopus the expression
domain of one of them, Hotairm1, located in the anterior part of the Hox cluster. In addition, we
analyzed the function of this lincRNA in Xenopus, showing that its disruption produces a severe
headless phenotype, most probably by interfering with the regulation of the Hox cluster. Our
results strongly suggest that this lincRNA has probably been regulating the Hox cluster since the
early origin of chordates. Our work pioneers the use of syntenic searches to identify non-coding
genes over long evolutionary distances and helps to further understand IncRNA evolution.
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Abstract: Homologous long non-coding RNAs (IncRNAs) are elusive to identify by sequence similarity
due to their fast-evolutionary rate. Here we develop LincOFinder, a pipeline that finds conserved
intergenic IncRNAs (lincRNAs) between distant related species by means of microsynteny analyses.
Using this tool, we have identified 16 bona fide homologous lincRNAs between the amphioxus and
human genomes. We characterized and compared in amphioxus and Xenopus the expression domain
of one of them, Hotairm1, located in the anterior part of the Hox cluster. In addition, we analyzed
the function of this lincRNA in Xenopus, showing that its disruption produces a severe headless
phenotype, most probably by interfering with the regulation of the Hox cluster. Our results strongly
suggest that this lincRNA has probably been regulating the Hox cluster since the early origin of
chordates. Our work pioneers the use of syntenic searches to identify non-coding genes over long
evolutionary distances and helps to further understand IncRNA evolution.

Keywords: IncRNAs; genome_evolution; synteny; amphioxus

1. Introduction

Identifying and understanding the factors that underlie the evolution of morphological complexity
is one of the central issues in the field of evolutionary developmental biology (or evo-devo). From
the initial claims that gene duplication and neofunctionalization were at the core of phenotypic
change [1], the current view also takes into account the fine-tuning of gene regulation [2] and increasing
the proteome and interactome complexity through additional processes. In this regard, molecular
mechanisms such as alternative splicing or RNA-editing, and the RNA world, with molecules like
small miRNA or long non coding RNAs (IncRNAs), allow deeper and multifaceted levels of gene
regulation [3]. LncRNA-mediated regulation stands out as a quick and efficient mechanism to
modulate gene expression, as these molecules are function-ready almost immediately after or even
during transcription and can be rapidly degraded by the cellular machinery [3-5]. These characteristics
make IncRNAs sharp regulators of the myriad biological processes in which they are involved, such as
chromatin remodeling, protein scaffolding or gene expression regulation through direct binding to
genomic enhancers [6,7].

The study of IncRNAs from an evolutionary perspective has been hindered by their lack of strong
primary sequence conservation [8,9], their apparent lack of secondary structure conservation [10], and
their massive genomic generation and decay rate [11]. The cephalochordate Branchiostoma lanceolatum
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represents the earliest branching chordate lineage and holds a genome that seems to have retained
many of the features of the ancestral pre-duplicative vertebrate [12,13]. Searches of IncRNAs conserved
between amphioxus and vertebrates based on sequence similarity have been unsuccessful [14,15],
probably due to the long evolutionary distance that separates these lineages [16]. Recently, however,
a strategy to identify conserved intergenic IncRNAs (lincRNAs) by means of syntenic analyses has
been successfully attempted, but limited to closely related species [17,18].

Here, we have developed a pipeline called LincOFinder that finds conserved clusters of
microsynteny between two distant organisms surrounding an intergenic IncRNA. Furthermore,
we use this tool to study the conservation and evolution of the lincRNA repertoire in the chordate
lineage, finding up to 16 lincRNAs putatively conserved between amphioxus and human. Finally, we
further study the case of Hotairm1, assessing its developmental expression in amphioxus and Xenopus
and showing that its inhibition during X. tropicalis development produces a severe headless phenotype,
probably by disrupting the chromatin dynamics of the anterior Hox cluster. Overall, our work pioneers
the use of syntenic searches to identify non-coding genes over long evolutionary distances and helps
to further understand lincRNA evolution in the frame of the invertebrate-vertebrate transition.

2. Materials and Methods

2.1. Amphioxus and Human Coding and lincRNA Datasets

We used the intergenic and bidirectional fractions from the IncRNAs dataset provided by Marlétaz
et al. [15] to obtain an amphioxus lincRNA fraction (1318 genes), and their protein-coding genes
supported by orthology as the coding fraction (10,832 genes). The human coding genes were obtained
from the Ensembl annotation of the Ch38.96 genome assembly [19]. Finally, the orthologous gene
families described in Marlétaz et al. [15] were used to assess the amphioxus/human gene orthologies.

2.2. LincOFinder (IincRNA Orthology Finder)

LincOFinder (https://github.com/cherreral990/LincOFinder) is a program designed to identify
shared microsyntenic clusters surrounding lincRNAs between two species. These are named the
“reference” (Ref) and the “interrogated” species (Int). In the first, nonautomated step, the genes of
both species (only the coding genes for Int) need to be arranged according to their position within
the corresponding chromosome or scaffold, then a virtual coordinate according to their position is
stablished (e.g., the first gene in chromosome A will be chrA-1, the second chrA-2, etc.). Furthermore,
the orthologies between the genes of both species are established, using sets of known orthologous
families or with the help of programs like Orthofinder [20]. Once the data is properly formatted as
indicated in the ReadMe.md of LincOFinder, each annotated lincRNA from Ref is used as a reference
point. The three upstream and three downstream genes neighboring the lincRNA are selected, and
the orthology coordinates from Int are parsed into a distance matrix (Figure 1). The reasoning behind
selecting only the three upstream and three downstream genes is to try to be astringent enough to
comply with the definition of microsynteny [21] but at the same time allowing insertions and deletions
up to a certain degree and the discovering, in case they exist, of larger clusters. Only genes present
in the same chromosome are taken into account for distance assessment, and comparisons between
paralogs of the same Ref gene are avoided. Then, a UPGMA hierarchical clustering algorithm [22] is
used to create viable distance clusters (the ones that comply with the previously stated restrictions),
and the cluster with the minimum distance between two neighboring genes is selected, thus identifying
possible microsynteny clusters. If several possible clusters are formed, then they are displayed
separately. These microsynteny clusters should be further filtered by selecting only those that harbor
adjacent genes. Finally, candidates are manually curated by looking for the presence of lincRNAs in
the microsyntenic region of Int (the algorithm is blind to Int ncRNAs due to the possibility of missing
unannotated syntenic lincRNAs that could be, for example, present in the form of ESTs). This step can
be done using a genome browser such us UCSC [23] (Figure 1).
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stage in both cells, and then embryos were incubated at 26 °C. Once Xenopus embryos reached the
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appropriate stage, they were snap frozen in liquid nitrogen for RNA extraction or fixed for whole
mount in situ hybridization using MEMFA (3.7% formaldehyde, 1x MEM salts), then washed in PBST
(PBS, 0.1% Tween), dehydrated in a serial dilution of ethanol and kept at 4 °C or —20 °C.

2.4. Xenopus RNA Extraction, cDNA Synthesis, PCR and Quantitative PCR

RNA was extracted using High Pure RNA isolation kit (Roche Basel, Switzerland) and 1 pg of
RNA was taken to synthesize cDNA using Maxima First Strand cDNA synthesis kit (Thermofisher
Waltham, MA, USA). RT-PCR was performed using SYBR Green detection method. Primers were
designed using Primer3plus; gapdh was used as a control housekeeper gene. Primer sequences are
indicated in 5’3’ direction.

hoxal—F: AGAAGTTTGCCGGTCTCCTT, R: AAGCCATATTCCCCAGCTTT

hoxa4—F: CAGTATCCACCCCGAAAAGA, R: GGGTTCCCCTCCACTGTAAT

hoxa5—F: GTCAGTGCAACCCCAAATCT, R: TTTCCTTCTGGCCCTCCTAT

hoxa6—F: GGAAGTACAGCAGCCCTGTC, R: GTAGGTCTGCCTCCCTCTCC

hoxa7—F: GACTCCCATTTCCGCATCTA, R: GGTAACGGGTGTAGGTCTGG

gapdh—F: ACTACCGTCCATGCCTTCAC, R: TCAGGGATGACTTTCCCAAC

For RT-PCR, ~100 ng of cDNA was used for amplification and the total PCR product was loaded
to a 10 mg/mL agarose gel.

P300—F: GATTGCTACACCACCTTCTC, R: CCATGGGAGTCTTGACAATC

hotairm1—F1: CACAGTGCAGATGTCAGTGC, F2: CTACGGAGAGATACTTGCAC, R1: ATGCA
CGGTGTGATCAGTCG, R2: AAGCAATAACCGAGGCCTCT

2.5. Xenopus Whole-Mount In Situ Hybridization

In situ hybridization was carried out as previously described [24]. Probes were synthetized
for X. tropicalis hoxal and hotairml using the following primers (sequences 5-3’) hoxalF:
GATCGTTTTGTGGTCGGACG, hoxalR: GCAGCAATTTCTACCCTGCG, hotairm1F: CTACGGAGA
GATACTTGCAC, hotairm1R: AAGCAATAACCGAGGCCTCT.

Otx2 and engrailed vectors for probe synthesis were kindly provided by Professor N. Papalopulu
(Manchester).

2.6. Amphioxus Embryo Collection and Whole-Mount In Situ Hybridization

Ripe adult amphioxus specimens were collected in Banyuls-sur-mer, France. Spawning was
induced as previously described [25] in a dry laboratory. After in vitro fertilization, embryos were
cultured at 18 °C until they reach the desired stage and fixed with 4% PFA in MOPS buffer overnight at
4°C.

The hybridization chain reaction (HCR) [26] in situ v3.0 kit by Molecular Instruments (Los Angeles,
CA, USA) was used following the protocol provided by the manufacturer for zebrafish embryos,
with some adjustments to the probe and hairpins concentration (2pMol and 18pMol respectively)
and using nests with a 0.4 pm mesh. The sequence provided for the probe synthesis for Hotairm1
was the following (5'-3") AAGGAGAGACGAAAGTCACCGGGACAAACCGGAGGATGTCTCGG
AGGACCCTACCACCGCTCCCGCCTGTGCTCTACAGGTCACCAGGTGGGGATAGCACAACATG
TCCTCTCTAGACATCTCTACTACACGCAGCTTGCTACCTGAAAGTTATCATATCTAGAATGTATAT
CTGCTTCAGTGTAAGCAACG.

3. Results and Discussion

3.1. Conserved Microsynteny Clusters

In order to identify conserved lincRNAs across chordates, we developed a pipeline called
LincOFinder and used previously described Branchiostoma lanceolatum-Homo sapiens orthology families
to detect conserved microsynteny clusters around specific amphioxus lincRNAs [15,23] (see Methods).
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Here we present the most reliable set of homologous lincRNAs that we were able to produce. Although
in our pipeline three upstream and three downstream genes are considered, the output must be trimmed
to extract the bona fide orthologous lincRNAs. In this case, we decided to restrict the distance between
coding genes to one, and to consider only the clusters formed by one upstream gene, the lincRNA
and one downstream gene. From the 32 clusters, only the 16 presented in Table 1 were considered to
have a bona fide orthologous lincRNA. We also analyzed under these restrictions the clusters formed
by two upstream genes and the lincRNA and by the lincRNA and two downstream genes (Table S1,
Table S2). The rate of orthologous lincRNA finding was around 45% in the aforementioned analyses
and the whole raw output is available in the supplementary info (File S1). Using this approach,
we were able to obtain a list of 16 lincRNAs putatively conserved between human and amphioxus
(Table 1). To our knowledge, this list represents the best set of highly curated lincRNAs with the
deepest evolutionary conservation reported to date [27]. The main advantage of LincOFinder over
other methods based on lincRNA sequence conservation is that it relies on microsyntenic conservation
and a proper establishment of interspecific orthology relationships, which are more evolutionary
constrained than the highly mutable nucleotide sequences of lincRNAs. In conclusion, LincOFinder
can help to uncover conserved lincRNAs over deep evolutionary distances, in any species for which
proper gene annotation data is available.

Table 1. Putatively conserved lincRNAs between Homo sapiens and Branchiostoma lanceolatum. Analysis
of the genes surrounding the lincRNA focusing on the three core genes (upstreaml, lincRNA
and downstream1). Some lincRNAs can be ascribed to more than one hypothetically conserved
microsyntenic cluster.

Orthologous lincRNAs ! State of the Cluster in Human 2 Human Orthologous lincRNA 3
BL.20528|Sc0000000|28|+ * Conserved microsynteny ENST00000623777.1_1
BL38782|Sc0000000|30|+ * Conserved microsynteny HOTAIRM1

Correct order but strands inverted. In
BL90848|Sc0000001|150]— addition, there are two IncRNAs AL354977.2
surrounding the cluster
One gene with the strand inverted BANCR
BL79733/5¢0000007[52}+ One gene with the strand inverted TCONS_12_00008513
BL84418|Sc0000009|86|+ * Conserved microsynteny TCONS_00027655
Couple of lincRNAs in amphioxus,

BL91140|Sc0000010[144|- synteny conserved in the coding TCONS_00006308

genes, but not in the lincRNA

BL91143|5c¢0000010]145|- * Conserved microsynteny RP11-181G12.4
BL53024|Sc0000015|55|+ One gene with the strand inverted TCONS_00027115
BL82992|5c0000016|15|— One gene with the strand inverted TCONS_00000550
BL78145|Sc0000039|54|+ * Conserved microsynteny TCONS_00024711
BL55463|Sc0000050]45|+ * Conserved microsynteny TCONS_00011710
BL68900|Sc0000072|2|+ Synteny conserved in the coding genes AI219887

Problematic region with several
BL54861|Sc0000089|4|— lincRNAs and ilassive distances AC109136.1

Problematic region with several

lincRNAs and Elassive distances AC124852.1
BL41904|S5¢0000219|3|— * Conserved microsynteny TCONS_00007813

* Conserved microsynteny BC043517

BL7272515c0000229]14}+ * Conserved microsynteny LINCO00114
BL59605|5¢0000234|6|— * Conserved microsynteny TCONS_00011870
BL38170|Sc0000240|5]+ * Conserved microsynteny LOC100132215

1 GenelD, Scaffold, virtual coordinates and strand separated by “|”. 2 Description of the synteny of the cluster status
in human. 3 ID of the putative human orthologous lincRNA. * indicates a perfect match in strand and order of the

three core genes.
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Figure 4. Isoform switch of hotairm1 expression towards the unspliced state using a morpholino.
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Strikingly, the morpholino treatment resulted in a headless tadpole-stage embryo (Figure 5A).
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disruption in the development of the anterior part of the central neural system (Figure 5).
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homologous lincRNAs over very long evolutionary distances. We show that one of these conserved
lincRNAs, Hotairm1, is expressed along the anterior half of the neural tube during amphioxus and
Xenopus development. The injection of MO targeting the 3’ splice junction triggers an imbalance
between the spliced and unspliced form resulting in the disruption of the proximal and medial hoxa
genes. This change in hoxa expression produces in a tadpole a patterning defect in the anterior neural
system leading to a headless phenotype. However, further work needs to be done to elucidate the
molecular mechanism underlying this severe phenotype. This nonetheless, is a reliable indicative that
this lincRNA is at least to some degree conserved in amphioxus, Xenopus and human, allowing us to
infer that it is conserved in the phylum Chordata and that regulation of the Hox cluster by lincRNAs
may be traced back to the origin of chordates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-7737/8/3/61/s1,
Table S1: Putatively conserved lincRNAs between Homo sapiens and Branchiostoma lanceolatum. Analysis of
the genes surrounding the lincRNA focusing on three genes (upstream2, upstreaml and lincRNA); Table
S2: Putatively conserved lincRNAs between Homo sapiens and Branchiostoma lanceolatum. Analysis of the
genes surrounding the lincRNA focusing on three genes (lincRNA, downstream1 and downstream?2); File S1:
Homology_Expression_RawOut.xIsx.
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Results
Article RIII:

Abstract

The homeobox genes Pdx and Cdx are widespread in the animal kingdom but functional data
are available for few lineages. Current data suggest ancient roles in patterning the bilaterian
through- gut, although additional roles such as promoting posterior extension of the body and
patterning neural and mesodermal tissues are seen in some taxa. Here we use TALENs to
engineer frameshift mutations in the Pdx and Cdx genes of amphioxus Branchiostoma floridae.
Homozygous Pdx mutants have a defect in cell fate specification in amphioxus endoderm,
manifest as loss of a midgut GFP- expressing region. The anus fails to open in homozygous Cdx
mutants, which also have defects in posterior body extension and epidermal tail fin
development. The body axis and tailfin phenotypes are a consequence of increased retinoic
acid signalling, likely mediated through up-regulation of a Cyp26 gene. Transcriptome analysis
reveals extensive gene expression changes, with a disproportionate effect on gut-enriched
genes, and a colinear-like effect of Cdx on Hox genes. These data are consistent with Pdx and
Cdx having conserved roles in gut patterning and Cdx having an ancient role in promoting body
axis extension.
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Abstract

The homeobox genes Pdx and Cdx are widespread in the animal kingdom but functional data are
available for few lineages. Current data suggest ancient roles in patterning the bilaterian gut, with
additional roles in some taxa such as promoting axis extension and patterning neural and
mesodermal tissues. Here we use TALENs to engineer frameshift mutations in the Pdx and Cdx genes
of amphioxus Branchiostoma floridae. Homozygous Pdx mutants have a defect in cell fate
specification in amphioxus endoderm, manifest as loss of a midgut GFP-expressing region. The anus
fails to open in homozygous Cdx mutants, which also have defects in posterior body extension and
epidermal tail fin development. The body axis and tailfin phenotypes are a consequence of increased
retinoic acid signalling, likely mediated through up-regulation of a Cyp26 gene. Transcriptome
analysis reveals extensive gene expression changes with a disproportionate effect on gut-enriched
genes and a colinear-like effect of Cdx on Hox genes. These data are consistent with Pdx and Cdx
having conserved roles in gut patterning and Cdx having an ancient role in promoting body axis

extension.
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Introduction

The discovery that three non-Hox homeobox genes, Gsx, Pdx (Xlox) and Cdx, are organized in a small
gene cluster raised the possibility that these ‘ParaHox’ genes might act in a coordinated way, in a
comparable way to Hox gene clusters. The clustering was first described in a cephalochordate or
amphioxus, Branchiostoma floridae (Brooke et al. 1998), and was later shown in human, Xenopus,
Polypterus, Amia and several other vertebrates, an echinoderm and a hemichordate (Ferrier et al.
2005; Mulley et al. 2006; llles et al. 2009; Annunziata et al. 2013; Ikuta et al. 2013). The clustering of
ParaHox genes is likely to be the ancestral condition for bilaterians, although the cluster has been
broken in many taxa through genomic rearrangements, individual gene losses or duplications
followed by losses (Brooke et al. 1998; Mulley et al. 2006; Garstang and Ferrier 2013).

The two ParaHox genes with clearest similarity in expression are Pdx and Cdx. The Pdx gene, also
called Pdx1, Xlox, Lox, Ipf1, ldx1 or Stf1, has been studied extensively in vertebrates and is expressed
in endoderm of the developing gut, with sharp anterior and posterior limits, and later in pancreas
and where duodenum meets stomach (Wright et al. 1998; Offield et al. 1996; Holland et al. 2013). In
adult mammals, Pdx protein is a transcriptional activator of insulin and other genes in B cells of the
endocrine pancreas (Wang et al. 2018). In amphioxus embryos, Pdx is also expressed in a sharp
domain of midgut endoderm and in two neural cells as described below (Brooke et al. 1998). The
amphioxus Cdx gene is also expressed in the gut, more posteriorly where the anus will break through
and, in other posterior tissues at early developmental stages (Brooke et al 1998). Similarly,
vertebrate Cdx genes are expressed strongly in caudal regions, especially posterior gut, although this
is complicated by the presence of multiple paralogues with subtly different patterns plus additional
sites, such as Cdx2 in trophectoderm of mouse blastocyst (Beck et al. 1995; van den Akker et al.
2002; llles et al. 2009; Marletaz et al 2015). Gsx is rather different and expressed in neural tissue in
amphioxus rather than gut; similarly, two mouse Gsx genes are expressed in brain (Brooke et al.
1998).

Expression in regions of the gut is clearest commonality between Pdx and Cdx genes, and described
in many taxa in addition to chordates including echinoderms, annelids and molluscs. The
consistency, and restriction to anteroposterior domains, led to the hypothesis that ancestrally these
genes were components of a system for patterning of the bilaterian gut (Brooke et al. 1998; Holland
2001; Garcia-Fernandez 2005; Cole et al. 2009; Samadi and Steiner 2010). The ‘through-gut’, with
distinct mouth, digestive regions and anus allowing a unidirectional flow of ingested food, is a key
character of bilaterian animals. Although the anus has been secondarily lost in some taxa, such as
platyhelminths, it most likely dates to the base of the bilaterian clade. Intimately associated with a
bilaterally symmetrical body with active directed locomotion, the evolution of a through-gut may
have facilitated the evolution of predation and active burrowing, key drivers of animal diversification
in the Cambrian (Brooke et al. 1998; Holland 2015; but see Hejnol et al. 2015). Experimental data
illuminating the function of Pdx and Cdx genes in a wide range of bilaterians would help testing of
this hypothesis. Specifically, we need to know if these two homeobox genes specify region-specific
cell fates, instructing cells to differentiate along a path appropriate to their head to tail position.

In mice, deletion of the Pdx gene results in lack of pancreas (Jonsson et al. 1994; Offield et al. 1996);
similarly, in humans pancreatic agenesis has been reported in patients with mutations in both Pdx
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alleles (Stoffers et al. 1997; Schwitzgebel et al. 2003). Further insight comes from conditional
deletion of the Pdx gene in adult mice, which caused homeotic-like transformation of endoderm
cells in the Pdx-expressing region (Holland et al. 2013). Similarly, ectopic expression of Pdx1 in chick
embryo gut caused endodermal cells to change molecular identity and behaviour (Grapin-Botton et
al. 2001). Together these findings indicate a role for Pdx in specification of region-specific
endodermal cell fate in vertebrates. A similar specification role is also likely in sea urchin larvae,
where morpholino knock-down of Pdx activity caused the sphincter between midgut and hindgut
not to form (Cole et al. 2009; Annunziata and Arnone 2014). No insights come from Drosophila or
nematodes since they have lost the Pdx gene in evolution, and functional data are difficult to obtain
in other invertebrate taxa.

Gene loss is less of a problem for the Cdx gene and functional data are available for vertebrates, sea
urchin, Drosophila and nematode. For example, heterozygous mutation in the mouse Cdx2 gene
caused homeotic-like transformation of posterior gut cells into a more anterior phenotype (Beck et
al. 1999) and inhibiting Cdx function in sea urchin development allowed posterior gut cells to express
a more anterior marker (Cole et al. 2009). Mutational studies show that in Drosophila, Cdx (cad) is
necessary for invagination of the hindgut, and in Caenorhabditis elegans Cdx (pal-1) has roles in
development of the rectum (Wu and Lengyel 1998; Edgar et al. 2001). Although these similarities
suggest that a role in posterior gut or anus formation is widespread and may date to the base of
Bilateria, it is important to test this in additional taxa.

In at least some taxa, posterior Cdx expression is associated with an important additional role:
promotion of axis extension or tail growth. Animals in which a tail extension role has been
demonstrated include vertebrates such as mice, Xenopus and zebrafish (van den Akker et al. 2002;
Chawengsaksophak et al. 2004; Shimizu et al. 2005; Faas and Isaacs 2009), an ascidian (Katsuyama et
al. 1999), and several short-germ arthropods: crustacean Artemia, beetle Tribolium and cricket
Gryllus (Copf et al. 2004; Shinmyo et al. 2005). There is no similar function in Drosophila, but this
could be a secondary condition because Cdx was recruited into a specialized network of interactions
deployed to pattern the rapidly developing long-germ band embryo (Charité et al. 1998). It is also
not clear if the tail extension role of Cdx is homologous between phyla. To emphasize that the body
patterning and tail extension roles may be distinct, vertebrate Cdx genes have been described as
having ‘biphasic’ properties: an early phase associated with specification of cell fates, and a later
phase controlling tail growth (van den Akker et al. 2002). We were interested to resolve whether
posterior expression of Cdx in amphioxus development is connected with cell fate specification in
posterior gut and anus, or axial extension, or both.

Pdx and Cdx genes can also have roles in tissues outside the gut and tail. In mouse, mutations of
Cdx1 or Cdx2 can cause homeotic transformations of mesodermally-derived vertebrae, at least in
part by subtly altering Hox gene expression along the body axis (Subramanian et al., 1995, van den
Akker et al., 2002). Interfering with Cdx function in Xenopus causes disruption to neural patterning
and again Hox gene expression is affected (Isaacs et al. 1998; Faas and Isaacs 2009). In Drosophila,
Cdx has been described as a posterior homeotic gene specifying cell fate, not just of hindgut but also
of the anal plates situated on the exterior of the most posterior segment (Moreno and Morata
1999). Similarly, many cell types are affected by mutation of Cdx (pal-1) in the nematode
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Caenorhabditis elegans, including a specific fate change in posterior epidermal rays effected through
regulation of a Hox gene (Hunter et al. 1999). Turning to amphioxus, the Cdx gene is expressed in
posterior neural tube and mesoderm, as well as gut, and Pdx is expressed in two putative receptor
cells in the developing neural tube (Brooke et al. 1998; Osborne et al. 2009). These two cells lie
adjacent to a single large Mitf-expressing pigment cell at the level of the fifth somite pair (Brooke et
al. 1998; Yu et al. 2008) and are the first to develop in an extensive series of photosensory Organs of
Hesse (dorsal ocelli). This particular Hesse organ differs from others in having two receptor cells
instead of one (Lacalli and Stach 2016).

The recent development of mutagenesis methods applicable to amphioxus opens up new
opportunities for testing gene functions in an animal occupying a pivotal phylogenetic positon (Li et
al. 2014, 2017). Here we use Transcription Activator-Like Effector Nucleases (TALENSs) to generate
stable germline mutations in the amphioxus Pdx or Cdx genes. Analysis of homozygous mutants
reveals cell fate changes in specific regions of the gut. We also find that mutation of amphioxus Cdx
also affects posterior epidermal cell fate and blocks posterior growth through a similar molecular
pathway to vertebrates. These findings are consistent with an ancient bilaterian role of Pdx and Cdx
in gut patterning and a role for Cdx in axis extension that dates at least to the base of Chordata.
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Results

Generation of stable Pdx and Cdx mutant lines in amphioxus

We designed constructs encoding TALEN pairs targeted to the first coding exon of amphioxus Pdx
and Cdx (Figure 1; Figures S1 to S6). In each case, TALEN pairs spanned a restriction endonuclease
site to facilitate mutation detection. For each gene, two TALEN mRNAs were co-injected into
unfertilized eggs of B. floridae and, after fertilization, successful mutagenesis was detected by PCR
on pools of neurula stage embryos (Table S1, Figure S7). Remaining embryos were reared to
maturity to generate mosaic founder FO animals; to identify which animals carried germline
mutations, founders were spawned and mutations typed by PCR on sperm or pools of neurulae
generated by outcrossing. Embryos from FO x wild type crosses were reared to maturity to generate
F1 heterozygous mutants. Since each F1 animal may carry a slightly different mutation in the target
gene, lines were expanded by crossing with wild type animals, rearing embryos to maturity and
intercrossing offspring. Since we have no linked markers, inheritance of mutations was followed by
PCR on amphioxus tail clips in live adults and PCR after in situ hybridization on individual embryos.

We generated amphioxus lines with 4 bp, 11 bp and 13 bp deletions (44, 11A, 13A) in the Pdx gene
(Figure 1). Each Pdx deletion causes a frameshift and is predicted to give a protein comprising the
first 31-33 amino acids of wild type protein followed by peptide sequence from a different reading
frame with no strong similarity to any known protein (Figure S8). We also generated a Cdx mutant
line with a 7 bp deletion (7A) predicted to give a short peptide comprising the first 5 amino acids of
Cdx plus 4 additional amino acids before a stop codon (Figure 1; Figure S9). None of the predicted
products contains a homeodomain.

E1 E2
Pdx L I
........ Talen-FW AFITIT Talen-RV =~

WT ATGCCCTACCCGCCGCCAAACATGTCCGTCGTGGAGCTGGATCAGCT
-4bp ATGCCCTACCCGCCGCCAA----GTCCGTCGTGGAGCTGGATCAGCT

-11lbp ATGCCCTACCCGCCGCCAAAC----———-—-=——= GGAGCTGGATCAGCT
-13bp ATGCCCTACCC--——---——-—=-—= TCCGTCGTGGAGCTGGATCAGCT
El E3

Talen-FW PasI Talen-RV -
WT TCCGCCATGTACCGTCACCCCTCCCAGGGCAGCTACAACTTGAACCCGTA
-7bp TCCGCCATGTACCGTCACCC-------— GGCAGCTACAACTTGAACCCGTA

Figure 1: Gene structure, sequences targeted by TALENs and mutations generated. E1, E2, E3, coding
regions of exons; grey, homeobox; WT, wild type sequence.
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Pdx is necessary for correct spatial differentiation of midgut

Embryos derived from crosses between heterozygous Pdx 4A mutants, and crosses between mutant
lines, generated pools of morphologically identical embryos. Genotyping individual embryos
revealed that homozygous Pdx mutants were identical to wild type and heterozygous embryos in
external appearance. Since Pdx is strongly expressed in gut and the first two Hesse organ receptor
cells in 13 h neurulae, we asked whether marker genes for these tissues were affected in Pdx 4A
mutants. In situ hybridisation revealed no difference in expression of melanopsin (Mop), a gene
expressed in the Hesse organ receptors (Figure 2A,B), or Mitf, a gene expressed in the adjacent

pigment cell (Figure 2C,D). We also detected no difference in expression pattern in Pdx itself, Cdx or
llp1 in the endoderm of neurulae (Figure 2E-J).
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Figure 2: In situ hybridisation to wild type and Pdx 4A mutant 13 h neurulae stage amphioxus

embryos for (A,B) melanopsin (Mop), (C,D) Mitf, (E,F) Pdx, (G,H) Cdx and (1,J) llp1. Embryos
were genotyped by PCR after hybridisation.

As development proceeded to the larval stage, a morphological phenotype was visible in mutants
when viewed under fluorescent illumination. In wild type and heterozygous larvae, endogenous
green fluorescence was detected in cirri around the mouth and in a small clearly delineated patch in
the endoderm of the midgut region. In contrast, in homozygous 4A mutant embryos, the principal

fluorescence is in the buccal cirri. The difference in green florescence is first detectable at 6 d of

development, and persists to at least 66 days of development (Figure 3, Figure S10). The same
phenotype was observed in 4A/11A and 11A/13A compound heterozygotes (Figure S11).
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Figure 3. Green fluorescence in 7-gill (16 day) amphioxus larvae showing endodermal patch
in wild type (A,A’) but not homozygous Pdx 4A mutants (B,B’). Inset A” shows confocal
imaging of sibling larva showing fluorescence located in endoderm cells.

Cdx is necessary for formation of the anus and posterior axial extension

Homozygous Cdx " mutants are identical to wild type amphioxus in external appearance through
gastrula and neurula stages, and until the mouth opens around 24 hours post-fertilization (Figure 4;
Figure S12). A clear morphological difference begins to manifest between 2 and 3 days of
development as marked axial truncation. In normal 2-day larvae, the gut narrows in width very
sharply at a position 80% of the distance from mouth to anus and this discontinuity provides a useful
positional marker in the gut. However, the distance from the gut narrowing to the posterior end of
the gut is shorter in mutant larvae, with all posterior tissues reduced, indicating that the entire body
axis is truncated caudally (Figure 4A,B). As development proceeds, the posterior of the animal
continues to extend in wild type larvae, but this axial extension is halted in mutants. By 6 days of
development, mutant larvae are approximately half the length of wild type larvae (Figure S13). The
length difference is predominantly the result of the cessation of tail extension, plus curvature of the
body.

A second morphological difference becomes evident between 30 to 40 hours of development at the
posterior end of the gut. In homozygous mutant animals, the posterior end of the gut remains closed
by the epithelial cell layer of the endoderm and the anal opening does not form; in wild type
animals, the anus perforates neatly to generate the through-gut in preparation for feeding to
commence (Figure 4C,D). When cultured algal cells are provided to 2-day and 3-day larvae, mutant
larvae take up food material and in some cases the closed anal region ruptures leaving a ragged
terminus to the gut.

In addition, the tail fin is markedly smaller in mutants compared to wild type animals, and develops
from a smaller zone of the posterior ectoderm (Figure 4A-D). Development of the amphioxus tail fin
is driven by extension of specialised epidermal cells containing long intracellular ciliary rootlets, of
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which a major component is the coiled-coil protein Rootletin or Crocc (Flood 1975, Koop et al 2011,
Mansfield and Holland 2013). In situ hybridisation to homozygous Cdx mutant larvae reveals the
amphioxus Rootletin gene is expressed by fewer cells than in control sibling larvae (Figure 4E-H). This
alteration of Rootletin gene expression is consistent with a smaller number of epidermal cells being
specified to differentiate into tail fin in Cdx mutant animals. The posteriorly expressed Cyp26-3 gene
is also greatly reduced in expression in Cdx mutant embryos (Figure 4I-L).

Thus, Cdx is necessary for correct fate specification of posterior ectoderm cells, for formation of the
anus and for tail extension.
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Figure 4. Cdx mutant phenotype. (A) Wild-type and (B) homozygous mutant 40 h larvae showing
anus or lack of anus (arrow) and distance from gut restriction to tip of tail (double-headed arrow).
Scanning electron micrographs showing (C) and (C’) anus and tail fin in 40 h wild type larva and (D)
and (D’) closed anus and reduced tail fin in mutant larvae. In situ hybridisation to Rootletin RNA in
(E) 16 h wild type embryo, (F) 16 h homozygous mutant embryo, (G) 21 h wild type embryo, (H) 21 h
homozygous mutant embryo. In situ hybridisation to Cyp26-3 RNA in (I) 16 h wild type embryo, (J) 16
h homozygous mutant embryo, (K) 21 h wild type embryo, (L) 21 h homozygous mutant embryo.

Cdx acts via the retinoic acid pathway in amphioxus posterior development

The imperforate anus, tail truncation and tail fin phenotype observed in Cdx mutant larvae are
similar to a suite of structural changes caused by exogenous treatment of larvae with retinoic acid,
RA (Koop et al 2011). We therefore asked whether the phenotype we observe in Cdx mutant larvae
is caused by disruption to RA signalling, specifically an increase in RA in the posterior region of
mutant animals. Comparison between the two amphioxus studies should be made with caution,
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however, as there are differences in experimental design. In our study Cdx gene function has been
absent throughout development (after initiation of zygotic gene expression), while the exogenous
RA study involved treatment of late larvae in which anus and tail fin had already formed.

If mutation of Cdx causes an increase in RA, we reasoned that dampening RA signalling may rescue
the mutant phenotype. We treated amphioxus embryos derived from Cdx heterozygote crosses with
an inverse agonist of RA signalling BMS493 at 5 h post-fertilisation (Figure 5). Consistent with the
prediction, homozygous mutant larvae treated with BMS493 had enlarged tail fins compared to
untreated mutants with the fin developing from a greater number of epidermal cells, although
rescue was not complete (Figure 5b,d). Posterior growth of the body increased marginally, but the
anus did not open. Treating wild type or heterozygous embryos with BMS493 gave the opposite
phenotype to Cdx mutation (Figure 5a,c): an enlarged larval tail fin derived from a more extensive
region of posterior ectoderm (consistent with the results of Carvalho et al. 2017). These phenotypes
were presaged by subtle changes to expression of the Rootletin gene at earlier developmental
stages, as detected by in situ hybridisation to 18 h embryos (Figure 5e-j). BMS493-treated Cdx
mutant embryos had an enlarged patch of Rootletin gene expression, in some cases similar to wild
type untreated embryos. BMS493-treated wild type and heterozygote embryos had an even larger
Rootletin expression domain. Therefore, we infer that the role of Cdx in tail fin formation and tail
extension acts, at least in part, through the RA pathway. An opposite interaction, RA acting on Cdx,
has been shown previously (Osborne et al. 2009).

Further insight was obtained by examining a key player in the RA pathway, a cytochrome P450
family 26 (Cyp26) gene encoding an enzyme that degrades and clears excess RA (Thatcher &
Isoherranen 2009). Amphioxus has three closely related tandemly-arranged Cyp26 genes, derived
from cephalochordate-specific tandem duplication (Albalat et al. 2001, Carvalho et al. 2017). In
contrast to Rootletin gene expression, which responds in opposite directions to Cdx mutation (down)
and BMS493 treatment (up), we find expression of amphioxus Cyp26-3 is affected similarly by the
two conditions. In homozygote Cdx mutants, posterior Cyp26-3 expression is down-regulated but
not abolished (Figure 5k,l); treatment with BMS493 also down-regulates Cyp26-3 expression, but to
a more extreme degree (Figure 5m,n).
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Figure 5: Effect of inhibiting the RA pathway interacts with Cdx function. The large tail fin evident in
wild type and Cdx ** heterozygous (‘normal’) amphioxus larvae (A, 30 h) is severely truncated in Cdx 7
homozygous mutants and develops from fewer epidermal cells (B). Inhibition of the RA pathway using
BMS493 enlarges the tail fin of normal larvae (C) and partially recuses the truncation in Cdx 7 mutants
(D). Tail fin development is presaged by expression of the Rootletin gene in 18 h embryos, visualised
by in situ hybridisation (E), which is also down-regulated in Cdx 7 mutants. Inhibition of the RA
pathway results on up-regulation (partial rescue) of Rootletin RNA to varying degrees in normal (G, I)
and mutant (H, J) embryos. In contrast, posterior expression of Cyp26-3 in 16 h embryos (K) is down-
regulated in Cdx ”* mutants (L) and by inhibition of RA action (M, N). These data are consistent with a
model (O) involving inhibition of RA signalling by Cdx and a negative feedback loop; interactions in
dotted lines not deduced from current work (RA inhibition of Cdx from Osborne et al. 2009).

To investigate if Cyp26 genes could be direct transcriptional targets of amphioxus Cdx, as in mouse

(Savory et al. 2009), we injected unfertilized amphioxus eggs with a construct in which a luciferase
reporter gene is under the control of 3.1 kb DNA sequence 5’ of the B. floridae Cyp26a-3 gene, and
assayed luciferase activity at the late neurula stage. The DNA sequence includes several putative Cdx
binding sites (Figure S14) of which two have a close match to the consensus of Amin et al. (2016);
mutation of either site singly, or both together, decreases luciferase activity consistent with Cdx-
binding positively regulating Cyp26-3 expression (Figure 6; Supplementary Information: Tables S3,

s4).
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Figure 6: Reporter gene analysis of Cyp26-3. (A) Region 5’ of Cyp26-3 gene showing two
putative Cdx binding sites. Numbers are distance before start codon. Four report gene
constructs were tested in amphioxus embryos with 0, 1 or 2 Cdx sites mutated. (B) Relative
luciferase expression for each construct and uninjected control.

Taken together, these results are consistent with a model in which a major role of Cdx expression is
to ensure RA activity is kept at a low level in the posterior part of the amphioxus embryo. Disruption
of Cdx leads to excess RA and morphological disruption. We suggest this action of Cdx occurs, at
least in part, via positive regulation of Cyp26-3 explaining why Cyp26-3 expression drops in Cdx
mutants (Figure 50). Inhibition of RA action using BMS493 dampens the Cdx mutant phenotype,
implying the phenotype is mediated by the RA pathway. BMS493 also down-regulates Cyp26-3
expression consistent with a negative feedback loop between RA and Cyp26 activity as previously
shown in zebrafish (Dobbs-McAuliffe et al. 2004, Emoto et al. 2005, D’Aniello et al 2013).

Effects of Cdx and Pdx mutation on amphioxus transcriptome

To examine the downstream molecular consequences of Pdx and Cdx mutation in more detail, we
sequenced replicate transcriptomes of mutant embryos or larvae soon after morphological
phenotypes are clearly evident: 6 days for Pdx 7*, 34 h and 42 h for Cdx - (42 h analysed here,
combined analysis in Supplementary Data). After mapping reads to an amphioxus
supertranscriptome assembly, read counts were calculated to estimate gene expression levels.
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Comparisons were made to transcriptome data from pools of mixed wild type and heterozygous
siblings from the same crosses to identify genes that are differentially up- or down-regulated after
mutation; these will include direct and indirect targets of Cdx and Pdx (Figure 7a,b; Supplementary
Data).

We first asked which of the multiple amphioxus GFP-encoding genes (Bomati et al. 2009; Li et al.
2009) are affected in Pdx mutants. In Pdx 7~ mutants, we found 11 supercontigs encoding GFP were
significantly down-regulated (1.8 to 8.3 fold). Ten derive from four highly similar, tandemly
duplicated amphioxus GFP genes that cannot be distinguished using short read sequence data: GFP-
8, GFP-10, GFP-12 and GFP-13 (nomenclature of Li et al. 2009; Table S5). We conclude that one or
more of these closely related GFP genes were strongly down-regulated when regionalisation of the
gut was disrupted by mutation of Pdx (Figure 7c).

Second, we used transcriptome data to ask if signalling pathways were disrupted by ParaHox gene
mutation. In Pdx 7" mutants, we detect significant changes to expression of genes encoding putative
components of the insulin-signalling pathway, but not to the gut-expressed insulin-like peptide (//p1)
gene itself (Figure 7c). We detect ~1.6 fold down-regulation of two insulin-like growth factor-binding
protein-like (/IGFBP) contigs and 1.4 fold up-regulation of an insulin-like peptide receptor (/ILPR)
contig (Figure 7c; Table S6). In Cdx /- mutants, we found down-regulation of eight supercontigs from
the intracellular lipid-binding protein (iLBP) gene family, which in vertebrates includes genes
encoding CRABP (cellular retinoic acid-binding protein), CRBP (cellular retinol-binding proteins) and
FABP (Fatty acid-binding proteins). In amphioxus, these genes have undergone extensive
independent duplication (Holland et al. 2008, Albalat et al. 2009). The contigs affected by Cdx
mutation correspond to amphioxus iLBP4 (4.2 to 13.5 fold down-regulation) and iLBP6 (1.6 fold
down-regulation; Fig 7d and Table S7). The biochemical activities of these genes are unclear; it is
possible that one or both encode proteins that bind RA, inhibiting the RA pathway (Albalat et al.
2009). In contrast, we detect no significant change to expression levels of FGF or Wnt genes
(Supplementary Data). Downregulation of iLBP genes in Cdx mutants suggests a second possible
mechanism through which Cdx suppresses RA activity in the posterior of amphioxus: through
positive regulation of iLBPs.

Third, we examined the effect of amphioxus Cdx mutation on Hox genes, because in vertebrates the
role of Cdx genes in body axis elongation is mediated, at least in part, through activation of central
(and some posterior) Hox genes (Pownall et al. 1996, Isaacs et al. 1998, van den Akker et al. 2002,
Young et al. 2009). There is also evidence that vertebrate Cdx genes have repressive effects on the
most anterior Hox genes, giving a colinear-like response across Hox clusters: in Xenopus tropicalis,
perturbation of Cdx gene activity caused up-regulation of anterior Hox genes (paralogy groups 1 and
2) and down-regulation of Hox genes from paralogy group 5 to 10/11 (Marlétaz et al. 2015). In
amphioxus, Hox genes differ greatly in expression intensity in normal embryos (Table S7, Figures S15
and S16; Marlétaz et al. 2018). Despite differences in absolute expression, we detect a colinear-like
response of Hox genes to amphioxus Cdx gene activity. In amphioxus Cdx /- mutants, Hox-1
expression is up-regulated (1.43x), Hox2, Hox3 and Hox4 are unaffected, Hox5 and Hox6 are mildly
down-regulated, and Hox7 is strongly down-regulated, although not each change is significant when
considered in isolation (Figure 7e; Table S7 and Figure S17). This colinear-like response is consistent
with amphioxus Cdx in normal development activating central and posterior Hox genes and
repressing anterior Hox genes as part of an axis patterning system.
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Figure 7: Transcriptome analysis of Pdx and Cdx mutant amphioxus embryos and larvae. (A) Fold
change in expression (log 2 scale) between wild type and Pdx mutant larvae in relation to mean
expression level (read counts). Coloured dots are supercontigs meeting significance criteria. (B) Fold
change in expression (log 2 scale) between wild type and Cdx mutant embryos in relation to mean
expression level (read counts). Coloured dots are supercontigs meeting significance criteria. (C)
Expression level (FPKM) compared between wild type and Pdx mutant larvae (KO) for selected GFP,
ILP1 and ILPR supercontigs, showing down-regulation of GFP and up-regulation of /LPR in mutants.
(D) Expression level compared between wild type and Cdx mutant embryos (KO) for selected iLBP
supercontigs, showing down-regulation in mutants. (E) Colinear-like response in expression level fold
change of Hox genes to Cdx mutation.
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Pdx and Cdx mutation affects gut-associated gene expression

To investigate further the association between Pdx and Cdx genes and development of the gut, we
tested whether gene sets affected by mutation include a high proportion of ‘gut-enriched’ genes.
Using transcriptome data published for adult tissues of B. lanceolatum (Marlétaz et al. 2018), we
defined genes as gut-enriched if expression level in gut was at least twice the expression level in
seven out of eight other tissues (neural tube, muscle, gill bars, hepatic diverticulum, testis, ovary,
skin, cirri; Supplementary Data). The 2083 gut-enriched genes were represented by 4705 contigs in
our study; of these, 482 were differentially expressed in Pdx /- mutants and 218 were differentially
regulated in Cdx 7" mutants (Supplementary Data). This equates to 8.3% of the Pdx differentially
expressed contigs and 15.3% of the Cdx differentially expressed contigs (Figure 8a).

To test if this represents enrichment, we ran 1000 simulations of each sampling (5831 or 1428
differentially expressed contigs) and assessed overlap with a dataset of 4705 contigs (the size of the
gut-enriched dataset) chosen randomly from the supertranscriptome. Mean overlaps were 3.3%,
with the experimental data being a highly significant outlier in each case (arrows in Figure 8b,c).
Hence, mutation of Pdx or Cdx has a disproportionate and significant effect on expression of gut-
enriched genes.
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Figure 8. Mutation of amphioxus Pdx or Cdx has a disproportionate effect on gut-enriched
genes. (A) The supercontigs that are expressed differentially between wild type and Pdx
mutant larvae (orange), or between wild type and Cdx mutant embryos (green), overlap with
the set of supercontigs classed as gut-enriched (blue). (B) The degree of overlap (orange and
green arrows) is outside the range of overlap generated by random sampling (orange and
green curves).
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Discussion

The recent development of technologies for generating targeted mutations has great potential in
comparative and evolutionary developmental biology. The most widely used technology is based
CRISPR/cas, but this has not yet been applied successfully to cephalochordates. In contrast, TALENs
have been used to generate inherited mutations in several genes in B. floridae (Li et al. 2014, 2017).
The method is efficient and reproducible, although not straightforward because of the practical
difficulties of rearing amphioxus from egg to adult, long generation times (4 to 6 months) and the
lack of linked markers meaning that alleles must be tracked by PCR on sperm, embryos or tail clips.
Here we describe successful introduction of germline mutations into two ParaHox genes, Pdx and
Cdx, each predicted to generate frameshifts and production of ‘nonsense’ peptides lacking a
homeodomain. Each produces a clear phenotype that can be related to known gene expression
patterns. We cannot be certain that all are complete null mutations or if alternative start codon
usage, perhaps at low frequency, generates a hypomorphic allele. This is a possibility for Pdx in
particular since the mutant phenotype is subtle and not evident at embryonic stages. We argue that
these mutations allow robust conclusions to be drawn about important roles of amphioxus Pdx and
Cdx genes, although we may not uncover every role. Importantly, the choice of amphioxus widens
the phylogenetic spread of taxa in which the function of ParaHox genes has been studied, permitting
new evolutionary insights.

The widespread expression of Pdx and Cdx genes in the gut of bilaterian animals, localised to defined
anteroposterior domains, is consistent with an ancient role for these genes in specifying correct
region-specific development of the gut. We asked if mutation of amphioxus Pdx or Cdx causes cell
fate changes in specific regions of the gut, notably the midgut for Pdx and anus for Cdx. One of the
earliest regional markers in the endoderm of amphioxus is a gene encoding an insulin-like peptide,
llp1, expressed in a broad domain spanning from the pharyngeal region back to the midgut from
gastrula to neurula stages, and later in larvae especially in the pharyngeal region (Holland et al.
1997; Lecroisey et al. 2015). Amphioxus /lp1 is a pro-orthologue of vertebrate insulin and IGF genes
(Chan et al. 1990; Holland et al. 1997; Lecroisey et al. 2015), and in vertebrates the insulin gene is a
direct transcriptional target of Pdx. It seemed reasonable, therefore, to ask if //[p1 expression was
altered in Pdx 7~ mutant amphioxus embryos. This is also possible because amphioxus Pdx and ILP
genes are both expressed in midgut endoderm at neurula stages. We do note, however, that the
expression domains are not precisely coincident, with the domain of /lp1 gene expression larger in
anteroposterior extent and extending more rostrally. This differs from the situation in vertebrates,
where early Pdx expression is necessary for formation of the pancreas and anterior duodenum, and
the Pdx-positive domain includes the organ that will later express insulin (Jonsson et al. 1994; Offield
et al. 1996). We found that mutation of amphioxus Pdx did not abolish lip1 expression in neurulae,
nor did it significantly alter /lp1 transcript abundance in larvae (other components of insulin signaling
were affected in transcriptome analysis). It is possible there was undetected transformation of one
set of llp-positive cells into other /Ip-positive cells in Pdx mutant embryos, or some other subtle
change, but we could not assess this. We also stress that even if Pdx does not specify the lip1
domain in embryos, this does not exclude the possibility of Pdx being a transcriptional regulator of
the llp1 gene at later stages or in adults, comparable to Pdx regulation of insulin in the adult
vertebrate pancreas (Ohneda et al. 2000).
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A later regional marker evident in the developing amphioxus endoderm is a neatly demarcated
stripe of green fluorescence, first evident clearly in the midgut of 6-day larvae and persisting until at
least 46 days of development. Confocal imaging confirmed this is not fluorescence from ingested
algae as it is present inside endoderm cells. Previous studies involving UV-excitation of amphioxus
larvae and adults have described green fluorescence primarily in ovaries and buccal cirri (Deheyn et
al. 2007; Li et al. 2009), and this is attributed to the presence of multiple GFP genes (Bomati et al.
2009; Li et al. 2009). However, to our knowledge, the fluorescent stripe in larval gut has not been
described previously, and it proved to be a fortuitous marker of endoderm regionalization. The most
striking phenotype we observed in Pdx /- mutant amphioxus was absence of the GFP stripe.
Transcriptome analysis reveals the GFP responsible for the stripe is encoded by one or more of an
array of very similar GFP genes (GFP-8, GFP-10, GFP-12, GFP-13). We do not suggest these genes are
necessarily under direct transcriptional control of Pdx protein; instead, we interpret loss of the GFP
stripe, and lower abundance of GFP transcripts, as the consequence of incorrect cell fate
specification in a localized region of endoderm. Since overall shape and size of the gut seems
normal, we suggest these cells have been transformed to another endodermal cell type. The similar
fluorescence in buccal cirri in mutants and wild type larvae indicates the phenotype is not a general
failure of GFP gene expression.

A gut phenotype is also evident in amphioxus Cdx mutants, specifically the failure of the anus to
open. Opening of the anus in amphioxus development must involve rearrangement of cell junctions
within epithelial cell layers, such that the epithelial cells at the extreme posterior of the gut lessen
their connections with some of their neighbours and form new junctions with epithelial cells of the
epidermis. In this way, two nested epithelial cell layers (gut and epidermis) become contiguous, with
the edges of the anus opening marking the boundary where the two layers fused. Mathematically,
this marks a topological transition from a sphere to a torus (Jockusch and Dress 2003). Biologically,
the propensity to break and reform epithelial cell junctions must be a property specific to the
extreme posterior cells of the gut (and/or epidermis). Hence, loss of this property in Cdx - mutant
larvae likely reflects a change in cell fate specification, with terminal gut cells losing a region-specific
character.

An independent assessment of the roles of Pdx and Cdx in gut development was made through
transcriptome analysis. A category of genes we define as ‘gut-enriched’ were disproportionately
represented among the (up and down) differentially-regulated genes in Pdx ”“and Cdx 7" mutant
animals. The gut-enriched dataset was defined by examining adult transcriptomes, and includes
genes encoding digestive enzymes and other proteins associated with gut functions. Although only
8.3% and 15.3% of Pdx and Cdx differentially expressed contigs fall in this category, the number of
gut-associated genes affected will be higher than this since our definition of ‘gut-enriched’ is
relatively strict. We therefore interpret the enrichment as further indication that correct
development of the gut, with functional regionalisation, is severely perturbed in Pdx 7" and Cdx
mutants.

Thus, alterations to morphology, changes to positional markers and transcriptome analysis all
support the hypothesis that Pdx and Cdx genes are essential for regional cell fate specification in the
endoderm of the developing amphioxus gut. Combining with expression and functional data from
other taxa, we argue that specification of correct cell fates in the middle and posterior of the gut has
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been a function of Pdx and Cdx genes since the origin of Bilateria. This conclusion is consistent with
the proposal that ParaHox genes played a role in the evolution of a through-gut, a key innovation of
the bilaterians and a possible contributor to sedimentary mixing and animal diversification in the
Cambrian (Brooke et al. 1998; Holland 2015).

We also asked if amphioxus Pdx and Cdx genes have roles in development of tissues outside the gut,
because Pdx is expressed in the first Hesse organ to form in the neural tube and Cdx is expressed in
all germ layers at the posterior, including epidermis and neurectoderm (Brooke et al. 1998). Hesse
organ receptors are primary rhabdomeric photoreceptors and express the amphioxus melanopsin
(Mop) gene encoding the microvillar light transducing protein (Koyanagi et al. 2005, Pantzartzi et al.
2017). We find that mutation of the Pdx gene did not remove Mop expression from these cells, as
assayed by in situ hybridisation, and the associated Mitf-positive pigment cell also formed. In
summary, we do not detect cell fate changes in the amphioxus neural tube in Pdx mutant embryos
and larvae. We cannot conclude there is no function in Hesse organ receptors and additional
mutants would need to be analysed to test this. Similarly, our analyses of amphioxus Cdx mutants
did not reveal clear homeotic or cell fate transformations in neural tube (or indeed mesoderm),
although these would be hard to detect since there is little morphological distinction along the nerve
cord or between somites for much of the body. It is possible there are subtle changes, especially
since we detect shifts to Hox gene expression levels in a comparable manner to those observed in
Xenopus embryos with disrupted Cdx function. In both Xenopus (Marlétaz et al. 2015) and
amphioxus (this study), disruption of Cdx function has a colinear-like effect on Hox genes: the most
‘anterior’ or 3’ Hox genes (paralogy group 1) respond in the opposite direction to middle or posterior
Hox genes (paralogy group 5 to 7 in amphioxus, 5 to 11 in Xenopus). We do detect a change in cell
fate in posterior epidermis in Cdx mutants, manifest as a smaller region of epidermis expressing the
Rootletin gene. The protein product of this gene drives cell shape changes underpinning tail fin
development (Flood 1975; Koop et al 2011; Mansfield and Holland 2013); hence, this change in
epidermal cell fate has a direct effect on larval morphology.

The other major developmental process in which Cdx genes are implicated in a wide range of taxa is
posterior growth of the body or axial elongation. This role is well characterised in vertebrates and is
evident in some arthropods, although homology of the process between distant taxa is not proven.
A possible role for amphioxus Cdx in tail extension cannot be deduced from expression pattern
alone, because posterior expression could simply reflect the anus and tail fin roles discussed above.
We found that mutation of the amphioxus Cdx gene dramatically disrupts growth of the body axis.
The cessation of posterior growth we observe has some similarity in appearance to the consequence
of disrupting Cdx function in vertebrate embryos, but is possibly less severe. However, we do detect
some mechanistic similarities. The most important effectors through which Cdx genes control tail
extension in vertebrates seem to be central Hox genes and the retinoic acid (RA), FGF and Wnt
signaling pathways (Young et al. 2003; Savory et al. 2009; Amin et al. 2016). In amphioxus Cdx
mutants, we did not detect effects on FGF or Wnt signaling components, but we do find clear effects
on Hox gene expression and RA signaling. The role of vertebrate Hox genes in axial extension is
complex. Although mouse Hox gene mutants do not generally have a tail phenotype (apart from
Hoxb13; Economides et al. 2003), ectopic expression of central genes, such as Hoxa5 or Hoxb8, can
partially rescue the tail truncation phenotype of Cdx mutants (Young et al. 2009). An opposite effect
was found for Hoxal3, Hoxb13 and Hoxc13 suggesting a role for the most posterior Hox genes in tail
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growth termination (Young et al. 2009; Aires et al. 2019). Furthermore, there is evidence that Cdx2 is
a direct activator of anterior and central Hox genes and these likely stimulate axial growth (Amin et
al. 2016). In amphioxus, we do not have definitive evidence for Hox gene involvement in tail
development, but the activation of middle Hox genes by Cdx is consistent with this possibility and a
striking similarity to vertebrates.

There are similarities between amphioxus and vertebrate Cdx genes with respect to RA signaling in
the tail. A role for RA (or rather lack of RA) in vertebrate tail extension is well known (Ruiz i Altaba
and Jessell 1991; Herrmann 1995; Padmanabhan 1998). Similarly, addition of ectopic RA causes axis
truncation in amphioxus larvae implying low posterior RA levels are necessary for posterior growth
(Koop et al. 2011). Here we show that Cdx is upstream of RA activity in amphioxus, as it is in
vertebrates, as indicated by the finding that inhibition of RA action partially rescues the axial
truncation phenotype, and the reduced tail fin, of Cdx mutants. There are several potential
molecular mechanisms by which Cdx genes could suppress RA action. Young et al. (2009) found that
mutation of mouse Cdx2 and Cdx4 genes causes down-regulation of the gene encoding an RA-
clearing enzyme Cyp26A1. Savory et al. (2009) found this is a direct transcriptional effect and
impacts RA signaling. Similarly, we find down-regulation of expression of a Cyp26 gene in amphioxus
Cdx mutants, and show this is also a direct transcriptional effect. The inference is that in both mice
and amphioxus, Cdx genes suppress RA signaling in the tail through the same mechanism, activation
of Cyp26 expression, permitting axis extension. There may be a second route by which amphioxus
Cdx dampens posterior RA signaling, through positive regulation of genes encoding putative RA-
binding proteins (iLBP4 and iLBP6), although currently it is unclear if these proteins bind RA or
another molecule. The similarities lead us to conclude that the role of Cdx in axial extension is
homologous between amphioxus and vertebrates, and therefore dates back at least to the base of
Chordata. The function is possibly older, dating to the origin of Bilateria, although this conclusion is
more tentative since there is less evidence of mechanistic similarity in arthropods.

Conclusions

e We have generated stable lines carrying disabling frameshift mutations in the Pdx and Cdx
homeobox genes of amphioxus Branchiostoma floridae.

e Homozygous Pdx and Cdx mutants have defects in developing midgut and posterior gut
respectively. These defects are interpreted as changes to region-specific cell fate and are
evident in transcriptomes as quantitative changes to expression of gut-enriched genes. Cdx
mutation also affects Hox gene expression and patterning of posterior epidermis.

e These data are consistent with the hypothesis that Pdx and Cdx have conserved roles in gut
patterning. The emergence of these roles may have been instrumental in the evolution of a
through-gut facilitating efficient feeding and burrowing, contributing to the evolutionary
radiation of bilaterians.

e Homozygous Cdx mutants have severely truncated posterior growth, with this axial
elongation defect probably caused by down-regulation of Cyp26 leading to increased
retinoic acid signalling. Mechanistic similarity to vertebrates indicates a role for the Cdx in
axis extension dates at least the base of chordates and possibly earlier
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Methods

Amphioxus culture and targeted mutation

Amphioxus (Branchiostoma floridae) were obtained from a stock maintained by Jr-Kai Yu originating
from Tampa, Florida. Cultures were maintained in Xiamen University under previously described
conditions (Li et al. 2012). Gametes were obtained using thermal-shock (20°C to 26°C) following Li et
al. (2013); fertilization and culturing of embryos at 26 °C was carried out as described by Liu et al.
(2013). The TALEN method was used to generate Pdx and Cdx mutants with TALEN pairs designed to
target coding sequence (Figures S1-S6). TALEN construct assembly, mRNA sythesis and mutation
efficacy assays were conducted following the methods described in Li et al. (2014). Mosaic founder
animals were spawned to generate F1 heterozygotes, using PCR and sequencing to detect,
characterize and follow mutant alleles (Li et al., 2017; Supplementary Information, Table S1).
Homozygous mutants were generated by crossing heterozygous animals.

Whole-mount in situ hybridization (WMISH)

Coding sequences of Cdx, Pdx, Rootletin, llp1 and Cyp26 genes were amplified from cDNA libraries
from amphioxus embryos using primers listed in Suppplementary Information. PCR products were
cloned into the pGEM-T Easy vector (Promega, USA) and confirmed by DNA sequencing, linearized,
cleaned using phenol-cloroform, and used for templated synthesis of digoxigenin-labelled antisense
RNA probes using T7 or SP6 RNA polymerase (Promega, USA). Embryos and larvae were fixed in 4%
paraformaldehyde in MOPS buffer at 4°C for 24 hours and stored in 70% ethanol at -20°C.
Hybridisation and detection was performed as previously described (Yu et al.,2009). To ascertain the
genotype of embryos after WMISH, an extra 30 min wash in 500 ml filtered sea water or PBS was
performed to remove fixative before processing for hybridisation.

Scanning electron microscopy (SEM) and GFP detection

SEM used an adaptation of the methods of Inoué and Osatake (1988). In brief, embryos were fixed in
2.5% glutaraldehyde in PBS at 4°C overnight, washed 3 x 10 min in 0.1M PBS (pH7.4), and transferred
to 100% ethanol through a graded ethanol series. Specimens were then washed 5 x 10 min in 100%
tertiary butyl alcohol and stored at 4°C overnight. Samples were dried in a vacuum freeze dryer,
placed on conductive tape, sprayed with platinum and observed under JSM-6390 scanning electron
microscope. For GFP detection, amphioxus larvae were mounted in 1% methylceullulose in sea
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water and photographed under an SZX10 fluorescent stereoscope (Olympus, Japan) or an LSM 780
confocal microscope (Zeiss, Germany).

BMS493 treatment

The retinoic acid antagonist BMS493 (Sigma Aldrich) was dissolved in DMSO as a 1ImM stock
solution. Stock solution was diluted in filtered seawater to 1uM and applied to amphioxus embryos
from 5 hous post-fertilization onwards (early gastrula stage). Control embryos were treated with
filtered seawater containing an equal amount of DMSO. Most embryos were washed and fixed at 16
or 18 hours post-fertilization for in situ hybridization; others were continuously cultured in BMS493
until 30 hours post-fertilization for morphological observation.

Reporter gene assays

A 3.1 kb region 5’ of Cyp26-3 was cloned into pGL3 (Promega) and modified by PCR to generate
three mutant versions with altered Cdx-binding sites (Supplementary Information). Solutions
containing 3 ng/uL Renilla luciferase vector pRL-TK (Promega), 20% glycerol, 5 mg/ml Texas Red
Dextran, with or without 30 ng/uL of one of the Cyp26-3 luciferase constructs, were microinjected
into unfertlized B. floridae eggs as previously described (Liu et al. 2013). For each experiment, ~60
embryos were collected and assayed at 16 hours post fertilization; uninjected embryos from the
same batch were used as negative control. Levels of luciferase and Renilla were detected with the
Dual Luciferase Kit (Promega) using a GloMax luminometer with an integration of 10 seconds; the
level of luciferase was normalized to Renilla activity for each experiment. All experiments were
repeated three times.

Embryo genotyping

Genotyping of live embryos was performed as described in Li G, et al. (2017), and genotyping of
embryos fixed with 4% PFA-MOPS-EGTA or analyzed by whole-mount in situ hybridization was
conducted with the same protocol except that an extra 30-min wash in 500 ml filtered sea water or
PBS was added before lysis, to remove the fixative.

RNA sequencing

Embryos and larvae obtained from crosses between Pdx ** 4A x Pdx - 11A and Cdx ** 7A x Cdx *- 7A
were sorted by visual phenotype at 6 days post-fertilization for Pdx, and 34 h or 42 h post-
fertilization for Cdx. Samples for RNA analysis were pools of ~20 embryos or larvae. Each cross gave
two matched sibling pools: ‘mutant’ individuals with a morphological phenotype (inferred Pdx
4A/11A and Cdx 7A/7A) and ‘control’” individuals without clear phenotype (mixture of heterozygotes
and wild type). RNA sequencing was performed by BGI (Shenzhen, China) on the BGISEQ platform,
>60 million 100 nt paired end reads per sample, using mMRNA enrichment, random priming reverse
transcription and low PCR cycle number. Reads were mapped using STAR v2.7.0 (Dobin et al. 2013)
using --twopassmode Basic and --outSJfilterOverhangMin 12 12 12 12 options (Davidson et al. 2017)
to a B. floridae supertranscriptome of 215,495 contigs assembled de novo from independent RNA-
seq reads (45.2 to 52.4 million mapped reads per sample); genes may be represented by more than
one contig. Hox genes were assembled manually to remove and correct an artefactual fusion
between 6 distinct Hox genes. Since supertranscripts can join exons not normally spliced together,
STAR aligner settings were adjusted to permit mapping near non-canonical splice junctions (STAR --
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guantMode GeneCounts --twopassMode Basic --outSJfilterOverhangMin 12 12 12 12). STAR mapped
91% and 90% of reads from the Pdx and Cdx experiments. Reads were quantified using
featureCounts (Liao et al. 2014) in the Subread package v1.6.3 allowing mutiple mapping, thereby
permitting analysis of duplicate genes (featureCounts -O —M -p —B —fraction).

Differential Gene Expression analysis

Analysis of differentially expressed genes (DEGs) used DESeq2 v3.8 (Love et al. 2014) including
Principal Component Analysis to test for outlier samples and batch effects. In the Cdx experiment,
two control and two mutant 42 h samples grouped distinctly from one control and one mutant 34 h
sample; two DEG analyses were therefore performed, 42h alone and 34h/42h combined
(Supplementary Information). In the Pdx experiment, one control sample (WT2) grouped aberrantly
and was excluded from DEG analysis which used 3 mutant and 2 control samples (Supplementary
Information). For a contig to be considered differentially expressed, we required expression change
of >0.5 log, (Fold Change) and adjusted p-value <0.05, plus absolute expression level of >2 fpkm in at
least one condition (Marlétaz et al. 2015). To assess accuracy of embryo sorting, raw reads matching
mutant or wild type allele sequences were counted. Embryo pools classed as Cdx 7 had 4.3 to 5.3%
of Cdx ‘wild type’ reads, suggesting that 1 or 2 embryos in each mutant pool of 20 were
heterozygous; the control pool had 38 to 70% wild type reads, consistent with a mix of heterozygous
and genetic wild type embryos. The same method could not be applied accurately to Pdx mutants
because control pools had predominantly wild type reads (91 to 100%), implying down-regulation of
mutant allele expression in heterozygotes. This obviates applicability of read counts for assessing
heterozygote number. Gut-enriched genes were identified from published B. laneceolatum data
(Marlétaz et al. 2018; NCBI GEO GSE106430) as genes with higher mean expression level in gut than
any other adult tissue (eggs and embryos excluded) and at least double expression level in gut than
in 7 out of 8 other adult tissues; the 2083 genes were matched to contigs in the current study using
blastn with an e-value cut off of 1°7° giving 4705 gut-enriched supercontigs.
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SECTION 1: GENE STRUCTURES OF AMPHIOXUS PDX AND CDX GENES

(a) Verification of Pdx gene structure

The Branchiostoma floridae Pdx (Xlox) gene is comprised of two coding exons, confirmed here by
aligning an assembled Pdx transcript sequence to the previously reported sequence of PAC clone 33B4
(GenBank AC129948.3; Ferrier et al. 2005); Figure S1.

Complete predicted B. floridae Pdx open reading frame (homeodomain in bold)

MIPASYQQHQARSSCLYANTQQPQHAMPYPPPNMSVVELDQLDAELPGGGMPGPGPMASSGPGPTQPVHH
AGPPPAPQSSCAVNRNENLPFPWMKTTKSHAHAWKSQWPGASFAVEDENKRTRTAYTRGQLLELEKEFHF
NKY I SRPRRIELAAMLNLTERHIKITWFQNRRMKWKKEQAKRRPLPESASSTTPGGSGGAGTAAGGAESTG
TSGTDPETSPVREPVSTPPASTSLPVSPPVNSGVQGTSAASHTGGVTVPPVHQTLPHSVTGPTEPTLQRE
NLSQSLAFSRS

Pdx open reading frame

ATGATCCCGGCGTCGTACCAGCAGCACCAGGCCCGGTCGTCCTGCCTGTACGCCAACACCCAACAGCCGC
AGCACGCCATGCCCTACCCGCCGCCAAACATGTCCGTCGTGGAGCTGGATCAGCTGGACGCAGAACTTCC
GGGCGGCGGCATGCCGGGGCCCGGCCCCATGGCGTCCTCGGGACCAGGCCCGACCCAGCCCGTCCACCAC
GCCGGCCCGCCCCCGGCCCCYCAGTCCAGCTGTGCCGTCAACAGGAACGAGAACCTGCCGTTCCCCTGGA
TGAAGACCACCAAGTCGCACGCTCACGCCTGGAAGTCTCAGTGGCCAGGTGCGTCCTTCGCTGTTGAGGA
TGAGAACAAGAGAACGCGCACAGCCTACACCCGEGGCCAGCTCCTGGAGCTGGAGAAGGAGTTTCACTTC
AACAAGTACATTTCCCGGCCGCGCAGGATAGAGCTAGCCGCCATGCTCAACCTCACAGAGAGACACATCA
AAATCTGGTTCCAGAACCGCCGCATGAAGTGGAAAAAGGAGCAGGCaAAGCGGCGGCCGCTGCCCGAGTC
TGCCTCCAGCACGACCCCCGGGGGCAGCYGCGGGYCCGGCACCGCGGCGGGGGGCGCCGAGTCCACGGGG
ACCAGCGGCACCGACCCCGAGACTTCACCGGTCAGAGAGCCGGTCTCGACGCCTCCCGCCTCCACGTCTT
TACCGGTGTCTCCACCTGTGAACTCAGGTGTACAGGGGACCTCAGCAGCTTCCCACACGGGCGGGGTTAC
CGTTCCCCCCGTGCACCAAACACTGCCTCATAGCGTTACCGGACCGACAGAGCCCACACTCCAACGGGAA
AACCTCTCACAGAGCCTGGCCTTTTCACGCTCCTGA

Exon structure in BAC clone 33B4

49472bp—49798bp
MIPASYQQHQARSSCLYANTQQPQHAMPYPPPNMSVVELDQLDAELPGGGMPGPGPMASSGPGPTQPVHH
AGPPPAPQSSCAVNRNENLPFPWMKTTKSHAHAWKSQWP

57573bp-58118bp
GASFAVEDENKRTRTAYTRGQLLELEKEFHFNKY I SRPRRIELAAMLNLTERH 1K IWFQNRRMKWKKEQA
KRRPLPESASSTTPGGSGGAGTAAGGAESTGTSGTDPETSPVREPVSTPPASTSLPVSPPVNSGVQGTSA
ASHTGGVTVPPVHQTLPHSVTGPTEPTLQRENLSQSLAFSRS

Figure S1: B. floridae Pdx open reading frame and gene structure.

(b) Verification of Cdx gene structure

The B. floridae Cdx gene is generally depicted as comprised of two coding exons. However, we
assembled a B. floridae Cdx transcript that aligned to three regions of the sequenced genomic PAC
clone 36D2 (NCBI GenBank AC129947.4; Ferrier et al. 2005); Figure S2. We propose the small second
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exon is used differentially and note it is also present in predicted isoforms X1 and X2 (GenBank
XP_019625318.1 and XP_019625319.1), but not X3 (XP_019625325.1), of B. belcheri Cdx.

Complete predicted B. floridae Cdx open reading frame (homeodomain in bold)

MYRHPSQGSYNLNPYNYATAHPAYPAEYGQYQVPPAVNAGENLQQTAAAAAWQSAAAFGSHGAGQRPEEWD
GRGYNCTAGTGLTAGPTGSCTAFPGMDYPVPVGAIQANSPAVSGVTTNSTNSQRPQHSRNPYDWMRKSNYS
TSPPPVLSVRGMPPQGRKDGGRCE I LGPDGKTRTKDKYRVVYSDHQRLELEKEFYSNKY I T1KRKVQLANE
LGLSERQVKIWFQNRRAKQRKMAKRKELQHPGGQGGSDDGGGVMGEVSTLTVGPPPHQLTLNPSGVAASTL
SNPALPPSSSPLMTSAMTHAVTLPSCVPSS

Cdx open reading frame

ATGTACCGTCACCCCTCCCAGGGCAGCTACAACTTGAACCCGTACAACTACGCCACGGCGCACCCTGCCTA
CCCCGCGGAGTACGGACAGTACCAGGTCCCGCCTGCCGTCAACGCCGGCGAGAACCTACAGCAGACGGLCCG
CCGCCGCCGCGTGGCAGTCCGCCGCAGCCTTCGGCTCGCACGGGGCCGGACAGAGGCCAGAGGAATGGGAC
GGTCGCGGGTACAACTGCACGGCGGGGACCGGGCTGACCGCCGGCCCGACCGGGTCCTGTACAGCCTTCCC
CGGGATGGACTACCCTGTCCCCGTCGGTGCCATCCAGGCCAACAGCCCTGCCGTGTCGGGAGTGACGACCA
ACTCTACCAACAGTCAGAGACCACAGCACAGCAGAAATCCGTACGACTGGATGAGGAAAAGCAACTACTCC
ACAAGTCCTCCCCCAGTGCTGTCCGTGCGAGGCATGCCGCCGCAGGGCAGAAAGGATGGCGGCAGATGTGA
GATTCTAGGCCCTGATGGTAAGACGAGGACGAAGGATAAGTACCGGGTGGTTTATTCCGACCATCAGCGCC
TGGAGCTGGAGAAGGAGTTCTACTCCAACAAGTACATCACCATCAAGAGGAAGGTTCAGCTGGCGAACGAA
CTGGGCCTGTCGGAGCGCCAGGTCAAGATCTGGTTCCAGAACAGGCGCGCCAAGCAGCGCAAGATGGCCAA
GCGGAAGGAGCTGCAGCATCCGGGCGGGCAGGGCGGGAGTGACGATGGGGGAGGGGTGATGGCAGAGGTGT
CCACACTCACGGTAGGCCCCCCACCCCACCAGCTCACCCTAAACCCCAGCGGCGTGGCGGCCTCCACCCTC
AGCAACCCCGCTCTCCCCCCGTCCTCCTCCCCTCTCATGACCAGCGCCATGACGCATGCAGTGACGTTGCC
GTCGTGTGTTCCTTCCTCGTGA

Exon structure in BAC clone 36D2

42769bp—42329bp
MYRHPSQGSYNLNPYNYATAHPAYPAEYGQYQVPPAVNAGENLQQTAAAAAWQSAAAFGSHGAGQRPEEWD
GRGYNCTAGTGLTAGPTGSCTAFPGMDYPVPVGAIQANSPAVSGVTTNSTNSQRPQHSRNPYDWMRKSNYS
TSPPP

32571bp-32467bp
VLSVRGMPPQGRKDGGRCE ILGPD

31997bp-31569bp
GKTRTKDKYRVVYSDHQRLELEKEFYSNKY I T IKRKVQLANELGLSERQVK I WFQNRRAKQRKMAKRKELQ
HPGGQGGSDDGGGVMGEVSTLTVGPPPHQLTLNPSGVAASTLSNPALPPSSSPLMTSAMTHAVTLPSCVPS
S

Figure S2: B. floridae Cdx open reading frame and gene structure.
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SECTION 2: GENERATION OF MUTATIONS IN AMPHIOXUS PDX AND CDX GENES

TALEN sequences used to target exon 1 of B. floridae Pdx and Cdx genes. For mutagenesis using
TALENS, two in vitro transcribed RNAs are injected for each gene; each mRNA includes a region of
Repeat Variable Di-residues (RVDs) encoding a sequence specific DNA-binding peptide, coupled to
the catalytic domain of Fokl nuclease. If two RVDs flank a site of interest, dimerization activates Fok/
nuclease activity, introducing DNA breaks leading to deletion mutations. Figures S3 to S6 give the
sequences of the four in vitro transcribed RNAs used, from the T3 RNA polymerase binding site to
the restriction enzyme site used for plasmid linearization before in vitro transcription.

Pdx forward TALEN

GCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCAGATCTAACTCGAGAAA
GATATTGTATATATCGTAACAATAGGAGGTTCAACAATGGCTTCCTCCCCTCCAAAGAAAAAGAGAAAGGTTAGTTGGAAGGACGCAA
GTGGTTGGTCTAGAGTGGATCTACGCACGCTCGGCTACAGTCAGCAGCAGCAAGAGAAGATCAAACCGAAGGTGCGTTCGACAGTGGC
GCAGCACCACGAGGCACTGGTGGGCCATGGGTTTACACACGCGCACATCGTTGCGCTCAGCCAACACCCGGCAGCGTTAGGGACCGTC
GCTGTCACGTATCAGCACATAATCACGGCGTTGCCAGAGGCGACACACGAAGACATCGTTGGCGTCGGCAAACAGTGGTCCGGCGCAC
GCGCCCTGGAGGCCTTGCTCACGGATGCGGGGGAGTTGAGAGGTCCGCCGTTACAGTTGGACACAGGCCAACTTGTGAAGATTGCAAA
ACGTGGCGGCGTGACCGCAATGGAGGCAGTGCATGCATCGCGCAATGCACTGACGGGTGCCCCCCTGAACCTGACCCCGGACCAAGTG
GTGGCTATCGCCAGCAACGGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGA
CCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCA
GGACCATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTG
CCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGG
TGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCA
AGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAAC
GGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGG
CTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCC
GGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGAC
CATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGG
TGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCA
GCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCG
CTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATG
GCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTAT
CGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGAC
CAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAAGCATTGTGGCCCAGCTGAGCCGGCCTGATCCGGCGTTGG
CCGCGTTGACCAACGACCACCTCGTCGCCTTGGCCTGCCTCGGCGGACGTCCTGCCATGGATGCAGTGAAAAAGGGATTGCCGCACGC
GCCGGAATTGATCAGAAGAGTCAATCGCCGTATTGGCGAACGCACGTCCCATCGCGTTGCCTCTAGATCCCAGCTAGTGAAATCTGAA
TTGGAAGAGAAGAAATCTGAACTTAGACATAAATTGAAATATGTGCCACATGAATATATTGAATTGATTGAAATCGCAAGAAATTCAA
CTCAGGATAGAATCCTTGAAATGAAGGTGATGGAGTTCTTTATGAAGGTTTATGGTTATCGTGGTAAACATTTGGGTGGATCAAGGAA
ACCAGACGGAGCAATTTATACTGTCGGATCTCCTATTGATTACGGTGTGATCGTTGATACTAAGGCATATTCAGGAGGTTATAATCTT
CCAATTGGTCAAGCAGATGAAATGCAAAGATATGTCGAAGAGAATCAAACAAGAAACAAGCATATCAACCCTAATGAATGGTGGAAAG
TCTATCCATCTTCAGTAACAGAATTTAAGTTCTTGTTTGTGAGTGGTCATTTCAAAGGAAACTACAAAGCTCAGCTTACAAGATTGAA
TCATATCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTGATTGGTGGAGAAATGATTAAAGCTGGTACATTGACACTT
GAGGAAGTGAGAAGGAAATTTAATAACGGTGAGATAAACTTTTAATAGGCTAGTGACTGACTAGGATCTGGTTACCACTAAACCAGCC
TCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATC
TGCTCCTAATAAAAAGAAAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCCCCCCCCCCLececeeceece
CCCCCCGCATGCCTGCAGGTCGACTAGGATCCCCGGGTACCEGAGETC

Figure S3: Pdx forward TALEN. Red highlight = T3 promoter; blue text = 5’ and 3’ untranslated
regions; red text = open reading frame for TALEN peptide sequence; red underlined text = sequence
encoding RVDs; green highlight = Sacl linearization site.
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Pdx reverse TALEN

GCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCAGATCTAACTCGAGAAA
GATATTGTATATATCGTAACAATAGGAGGTTCAACAATGGCTTCCTCCCCTCCAAAGAAAAAGAGAAAGGTTAGTTGGAAGGACGCAA
GTGGTTGGTCTAGAGTGGATCTACGCACGCTCGGCTACAGTCAGCAGCAGCAAGAGAAGATCAAACCGAAGGTGCGTTCGACAGTGGC
GCAGCACCACGAGGCACTGGTGGGCCATGGGTTTACACACGCGCACATCGTTGCGCTCAGCCAACACCCGGCAGCGTTAGGGACCGTC
GCTGTCACGTATCAGCACATAATCACGGCGTTGCCAGAGGCGACACACGAAGACATCGTTGGCGTCGGCAAACAGTGGTCCGGCGCAC
GCGCCCTGGAGGCCTTGCTCACGGATGCGGGGGAGTTGAGAGGTCCGCCGTTACAGTTGGACACAGGCCAACTTGTGAAGATTGCAAA
ACGTGGCGGCGTGACCGCAATGGAGGCAGTGCATGCATCGCGCAATGCACTGACGGGTGCCCCCCTGAACCTGACCCCGGACCAAGTG
GTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGA
CTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCA
GGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACGGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTG
CCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGG
TGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACATTGGCGGCAAGCA
AGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAAC
GGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGG
CTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCC
GGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGAC
CATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGG
TGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGGTGCA
GCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCG
CTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACGGTG
GCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTAT
CGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGAC
CAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATG
GCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCT
GTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAAGCATTGTGGCC
CAGCTGAGCCGGCCTGATCCGGCGTTGGCCGCGTTGACCAACGACCACCTCGTCGCCTTGGCCTGCCTCGGCGGACGTCCTGCCATGG
ATGCAGTGAAAAAGGGATTGCCGCACGCGCCGGAATTGATCAGAAGAGTCAATCGCCGTATTGGCGAACGCACGTCCCATCGCGTTGC
CTCTAGATCCCAGCTAGTGAAATCTGAATTGGAAGAGAAGAAATCTGAACTTAGACATAAATTGAAATATGTGCCACATGAATATATT
GAATTGATTGAAATCGCAAGAAATTCAACTCAGGATAGAATCCTTGAAATGAAGGTGATGGAGTTCTTTATGAAGGTTTATGGTTATC
GTGGTAAACATTTGGGTGGATCAAGGAAACCAGACGGAGCAATTTATACTGTCGGATCTCCTATTGATTACGGTGTGATCGTTGATAC
TAAGGCATATTCAGGAGGTTATAATCTTCCAATTGGTCAAGCAGATGAAATGCAAAGATATGTCGAAGAGAATCAAACAAGAAACAAG
CATATCAACCCTAATGAATGGTGGAAAGTCTATCCATCTTCAGTAACAGAATTTAAGTTCTTGTTTGTGAGTGGTCATTTCAAAGGAA
ACTACAAAGCTCAGCTTACAAGATTGAATCATATCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTGATTGGTGGAGA
AATGATTAAAGCTGGTACATTGACACTTGAGGAAGTGAGAAGGAAATTTAATAACGGTGAGATAAACTTTTAATAGGCTAGTGACTGA
CTAGGATCTGGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTACAAAATGT
TGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAACCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCATGCCTGCAGGTCGACTAGGATCCCCGGGTACCEAGETC

Figure S4: Pdx reverse TALEN. Red highlight = T3 promoter; blue text = 5" and 3’ untranslated
regions; red text = open reading frame for TALEN peptide sequence; red underlined text = sequence
encoding RVDs; green highlight = Sacl linearization site.
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Cdx forward TALEN

GCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCAGATCTAACTCGAGAAA
GATATTGTATATATCGTAACAATAGGAGGTTCAACAATGGCTTCCTCCCCTCCAAAGAAAAAGAGAAAGGTTAGTTGGAAGGACGCAA
GTGGTTGGTCTAGAGTGGATCTACGCACGCTCGGCTACAGTCAGCAGCAGCAAGAGAAGATCAAACCGAAGGTGCGTTCGACAGTGGC
GCAGCACCACGAGGCACTGGTGGGCCATGGGTTTACACACGCGCACATCGTTGCGCTCAGCCAACACCCGGCAGCGTTAGGGACCGTC
GCTGTCACGTATCAGCACATAATCACGGCGTTGCCAGAGGCGACACACGAAGACATCGTTGGCGTCGGCAAACAGTGGTCCGGCGCAC
GCGCCCTGGAGGCCTTGCTCACGGATGCGGGGGAGTTGAGAGGTCCGCCGTTACAGTTGGACACAGGCCAACTTGTGAAGATTGCAAA
ACGTGGCGGCGTGACCGCAATGGAGGCAGTGCATGCATCGCGCAATGCACTGACGGGTGCCCCCCTGAACCTGACCCCGGACCAAGTG
GTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGA
CTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCA
GGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTG
CCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGG
TGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCA
AGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAAC
ATTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGG
CTATCGCCAGCAACGGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCC
GGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGAC
CATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACGGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGG
TGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAACGGTGCA
GCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCG
CTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATG
GCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTAT
CGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGAC
CAAGTGGTGGCTATCGCCAGCAACGGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATG
GCCTGACTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCT
GTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAAGCATTGTGGCC
CAGCTGAGCCGGCCTGATCCGGCGTTGGCCGCGTTGACCAACGACCACCTCGTCGCCTTGGCCTGCCTCGGCGGACGTCCTGCCATGG
ATGCAGTGAAAAAGGGATTGCCGCACGCGCCGGAATTGATCAGAAGAGTCAATCGCCGTATTGGCGAACGCACGTCCCATCGCGTTGC
CTCTAGATCCCAGCTAGTGAAATCTGAATTGGAAGAGAAGAAATCTGAACTTAGACATAAATTGAAATATGTGCCACATGAATATATT
GAATTGATTGAAATCGCAAGAAATTCAACTCAGGATAGAATCCTTGAAATGAAGGTGATGGAGTTCTTTATGAAGGTTTATGGTTATC
GTGGTAAACATTTGGGTGGATCAAGGAAACCAGACGGAGCAATTTATACTGTCGGATCTCCTATTGATTACGGTGTGATCGTTGATAC
TAAGGCATATTCAGGAGGTTATAATCTTCCAATTGGTCAAGCAGATGAAATGCAAAGATATGTCGAAGAGAATCAAACAAGAAACAAG
CATATCAACCCTAATGAATGGTGGAAAGTCTATCCATCTTCAGTAACAGAATTTAAGTTCTTGTTTGTGAGTGGTCATTTCAAAGGAA
ACTACAAAGCTCAGCTTACAAGATTGAATCATATCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTGATTGGTGGAGA
AATGATTAAAGCTGGTACATTGACACTTGAGGAAGTGAGAAGGAAATTTAATAACGGTGAGATAAACTTTTAATAGGCTAGTGACTGA
CTAGGATCTGGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTACAAAATGT
TGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAACCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCATGCCTGCAGGTCGACTAGGATCCCCGGGTACCEAGETC

Figure S5: Cdx forward TALEN. Red highlight = T3 promoter; blue text = 5" and 3’ untranslated
regions; red text = open reading frame for TALEN peptide sequence; red underlined text = sequence
encoding RVDs; green highlight = Sacl linearization site.
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Cdx reverse TALEN

GCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCAGATCTAACTCGAGAAA
GATATTGTATATATCGTAACAATAGGAGGTTCAACAATGGCTTCCTCCCCTCCAAAGAAAAAGAGAAAGGTTAGTTGGAAGGACGCAA
GTGGTTGGTCTAGAGTGGATCTACGCACGCTCGGCTACAGTCAGCAGCAGCAAGAGAAGATCAAACCGAAGGTGCGTTCGACAGTGGC
GCAGCACCACGAGGCACTGGTGGGCCATGGGTTTACACACGCGCACATCGTTGCGCTCAGCCAACACCCGGCAGCGTTAGGGACCGTC
GCTGTCACGTATCAGCACATAATCACGGCGTTGCCAGAGGCGACACACGAAGACATCGTTGGCGTCGGCAAACAGTGGTCCGGCGCAC
GCGCCCTGGAGGCCTTGCTCACGGATGCGGGGGAGTTGAGAGGTCCGCCGTTACAGTTGGACACAGGCCAACTTGTGAAGATTGCAAA
ACGTGGCGGCGTGACCGCAATGGAGGCAGTGCATGCATCGCGCAATGCACTGACGGGTGCCCCCCTGAACCTGACCCCGGACCAAGTG
GTGGCTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGA
CTCCGGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCA
GGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTG
CCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGG
TGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCA
AGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAAC
GGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGG
CTATCGCCAGCAACGGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACTCC
GGACCAAGTGGTGGCTATCGCCAGCCACGATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGAC
CATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGG
TGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAACGGTGCA
GCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCG
CTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACGGTG
GCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTAT
CGCCAGCAACGGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATGGCCTGACCCCGGAC
CAAGTGGTGGCTATCGCCAGCAACAATGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGACCATG
GCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACGGTGGCGGCAAGCAAGCGCTCGAAACGGTGCAGCGGCTGTTGCCGGTGCT
GTGCCAGGACCATGGCCTGACCCCGGACCAAGTGGTGGCTATCGCCAGCAACATTGGCGGCAAGCAAGCGCTCGAAAGCATTGTGGCC
CAGCTGAGCCGGCCTGATCCGGCGTTGGCCGCGTTGACCAACGACCACCTCGTCGCCTTGGCCTGCCTCGGCGGACGTCCTGCCATGG
ATGCAGTGAAAAAGGGATTGCCGCACGCGCCGGAATTGATCAGAAGAGTCAATCGCCGTATTGGCGAACGCACGTCCCATCGCGTTGC
CTCTAGATCCCAGCTAGTGAAATCTGAATTGGAAGAGAAGAAATCTGAACTTAGACATAAATTGAAATATGTGCCACATGAATATATT
GAATTGATTGAAATCGCAAGAAATTCAACTCAGGATAGAATCCTTGAAATGAAGGTGATGGAGTTCTTTATGAAGGTTTATGGTTATC
GTGGTAAACATTTGGGTGGATCAAGGAAACCAGACGGAGCAATTTATACTGTCGGATCTCCTATTGATTACGGTGTGATCGTTGATAC
TAAGGCATATTCAGGAGGTTATAATCTTCCAATTGGTCAAGCAGATGAAATGCAAAGATATGTCGAAGAGAATCAAACAAGAAACAAG
CATATCAACCCTAATGAATGGTGGAAAGTCTATCCATCTTCAGTAACAGAATTTAAGTTCTTGTTTGTGAGTGGTCATTTCAAAGGAA
ACTACAAAGCTCAGCTTACAAGATTGAATCATATCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTGATTGGTGGAGA
AATGATTAAAGCTGGTACATTGACACTTGAGGAAGTGAGAAGGAAATTTAATAACGGTGAGATAAACTTTTAATAGGCTAGTGACTGA
CTAGGATCTGGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTACAAAATGT
TGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAACCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCATGCCTGCAGGTCGACTAGGATCCCCGGGTACCEAGETC

Figure S6: Cdx reverse TALEN. Red highlight = T3 promoter; blue text = 5" and 3’ untranslated
regions; red text = open reading frame for TALEN peptide sequence; red underlined text = sequence
encoding RVDs; green highlight = Sacl linearization site.

Each TALEN pair is designed to flank a restriction endonuclease recognition site enabling mutation
detection by digestion of a PCR amplified product (Afllll for Pdx, Pasl for Cdx). Table 1 gives the
mutation detection primers used.

Genes Primer sequences (5’ —3’)

Pdx mutation Forward: TTTCAAACGATACCGGACAAAC
detection Reverse: CCACTGAGACTTCCAGGCGT
Cdx mutation Forward: TACTGGTTTGTCACGGCGAG
detection Reverse: CTGGGGGAGGACTTGTGGAGTA

Table S1: Mutation detection primers
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B. floridae eggs were injected with pairs of TALEN RNAs, fertilized and embryos reared to neurula
stage, using the methods described in Li et al. (2014). PCR followed by restriction digestion revealed
that both TALEN pairs introduced deletion mutations, with a higher frequency detected by the Cdx
TALEN pair (Figure S7).

Figure S7: PCR analysis of embryos reared from injected eggs: Left hand gel: Pdx PCR products
showing faint band of uncut amplification product (deletion mutants, arrow). Right hand gel: Cdx
PCR products showing uncut amplification product (arrow).

The same PCR primers were used to track inheritance of the mutant alleles in adult amphioxus tail
clips, in sperm or pools of embryos, and in single embryos after in situ hybridization, using methods
described in Li et al (2017). Sequencing of PCR products was also used to verify exact nature of the
mutations.

The TALEN-generated Pdx mutants used in this study have deletions of 4 bp, 11 bp and 13 bp (Figure
1, main text; Figure S8). The predicted mutant peptides are shown beneath the DNA sequences; no
predicted product contains a homeodomain.
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> 4 bp Pdx deleted region (red) and predicted protein product

ATGATCCCGGCGTCGTACCAGCAGCACCAGGCCCGGTCGTCCTGCCTGTACGCCAACACCCAACAGCCGCAGC
ACGCCATGCCCTACCCGCCGCCAAACATGTCCGTCGTGGAGCTGGATCAGCTGGACGCAGAACTTCCGGGCGG
CGGCATGCCGGGGCCCGGCCCCATGGCGTCCTCGGGACCAGGCCCGACCCAGCCCGTCCACCACGLLCGGLLCG
CCCCCGGCCCCYCAGTCCAGCTGTGCCGTCAACAGGAACGAGAACCTGCCGTTCCCCTGGATGAAGACCACCA
AGTCGCACGCTCACGCCTGGAAGTCTCAGTGGCCAGGTGCGTCCTTcGCTGTTGAGGATGAGAACAAGAGAAC
GCGCACAGCCTACACCCGtGGCCAGCTCCTGGAGCTGGAGAAGGAGTTTCACTTCAACAAGTACATTTCCCGG
CCGCGCAGGATAGAGCTAGCCGCCATGCTCAACCTCACAGAGAGACACATCAAAATCTGGTTCCAGAACCGCC
GCATGAAGTGGAAAAAGGAGCAGGCaAAGCGGCGGCCGCTGCCCGAGTCTGCCTCCAGCACGACCCCCGGGGG
CAGCgGcGGGYCCGGCACCGCGGCGGGGEGCGCCGAGTCCACGGGGACCAGCGGCACCGACCCCGAGACTTCA
CCGGTCAGAGAGCCGGTCTCGACGCCTCCCGCCTCCACGTCTTTACCGGTGTCTCCACCTGTGAACTCAGGTG
TACAGGGGACCTCAGCAGCTTCCCACACGGGCGGGGTTACCGTTCCCCCCGTGCACCAAACACTGCCTCATAG
CGTTACCGGACCGACAGAGCCCACACTCCAACGGGAAAACCTCTCACAGAGCCTGGCCTTTTCACGCTCCTGA

MIPASYQQHQARSSCLYANTQQPQHAMPYPPPSPSWSWI1SWTONFRAAACRGPAPWRPRDQARPSPSTTPARP
RPRSPAVPSTGTRTCRSPG*

> 11 bp Pdx deleted region (red) and predicted protein product

ATGATCCCGGCGTCGTACCAGCAGCACCAGGCCCGGTCGTCCTGCCTGTACGCCAACACCCAACAGCCGCAGC
ACGCCATGCCCTACCCGCCGCCAAACATGTCCGTCGTGGAGCTGGATCAGCTGGACGCAGAACTTCCGGGCGG
CGGCATGCCGGGGCCCGGCCCCATGGCGTCCTCGGGACCAGGCCCGACCCAGCCCGTCCACCACGLLCGGLLCG
CCCCCGGCCCCYCAGTCCAGCTGTGCCGTCAACAGGAACGAGAACCTGCCGTTCCCCTGGATGAAGACCACCA
AGTCGCACGCTCACGCCTGGAAGTCTCAGTGGCCAGGTGCGTCCTTCGCTGTTGAGGATGAGAACAAGAGAAC
GCGCACAGCCTACACCCGtGGCCAGCTCCTGGAGCTGGAGAAGGAGTTTCACTTCAACAAGTACATTTCCCGG
CCGCGCAGGATAGAGCTAGCCGCCATGCTCAACCTCACAGAGAGACACATCAAAATCTGGTTCCAGAACCGCC
GCATGAAGTGGAAAAAGGAGCAGGCaAAGCGGCGGCCGCTGCCCGAGTCTGCCTCCAGCACGACCCCCGGGGG
CAGCgGcGGGYCCGGCACCGCGGCGGGGEGCGCCGAGTCCACGGGGACCAGCGGCACCGACCCCGAGACTTCA
CCGGTCAGAGAGCCGGTCTCGACGCCTCCCGCCTCCACGTCTTTACCGGTGTCTCCACCTGTGAACTCAGGTG
TACAGGGGACCTCAGCAGCTTCCCACACGGGCGGGGTTACCGTTCCCCCCGTGCACCAAACACTGCCTCATAG
CGTTACCGGACCGACAGAGCCCACACTCCAACGGGAAAACCTCTCACAGAGCCTGGCCTTTTCACGCTCCTGA

MIPASYQQHQARSSCLYANTQQPQHAMPYPPPNGAGSAGRRTSGRRHAGARPHGVLGTRPDPARPPRRPAPGP
AVQLCRQQEREPAVPLDEDHQVARSRLEVSVARCVLRC*

> 13 bp Pdx deleted region (red) and predicted protein product

ATGATCCCGGCGTCGTACCAGCAGCACCAGGCCCGGTCGTCCTGCCTGTACGCCAACACCCAACAGCCGCAGC
ACGCCATGCCCTACCCGCCGCCAAACATGTCCGTCGTGGAGCTGGATCAGCTGGACGCAGAACTTCCGGGCGG
CGGCATGCCGGGGCCCGGCCCCATGGCGTCCTCGGGACCAGGCCCGACCCAGCCCGTCCACCALCGLLCGGLLCG
CCCCCGGCCCCYCAGTCCAGCTGTGCCGTCAACAGGAACGAGAACCTGCCGTTCCCCTGGATGAAGACCACCA
AGTCGCACGCTCACGCCTGGAAGTCTCAGTGGCCAGGTGCGTCCTTcGCTGTTGAGGATGAGAACAAGAGAAC
GCGCACAGCCTACACCCGtGGCCAGCTCCTGGAGCTGGAGAAGGAGTTTCACTTCAACAAGTACATTTCCCGG
CCGCGCAGGATAGAGCTAGCCGCCATGCTCAACCTCACAGAGAGACACATCAAAATCTGGTTCCAGAACCGCC
GCATGAAGTGGAAAAAGGAGCAGGCaAAGCGGCGGCCGCTGCCCGAGTCTGCCTCCAGCACGACCCCCGGGGG
CAGCgGCcGGGYCCGGCACCGCGGCGGGGEGCGCCGAGTCCACGGGGACCAGCGGCACCGACCCCGAGACTTCA
CCGGTCAGAGAGCCGGTCTCGACGCCTCCCGCCTCCACGTCTTTACCGGTGTCTCCACCTGTGAACTCAGGTG
TACAGGGGACCTCAGCAGCTTCCCACACGGGCGGGGTTACCGTTCCCCCCGTGCACCAAACACTGCCTCATAG
CGTTACCGGACCGACAGAGCCCACACTCCAACGGGAAAACCTCTCACAGAGCCTGGCCTTTTCACGCTCCTGA

MIPASYQQHQARSSCLYANTQQPQHAMPYPPSWSWISWTONFRAAACRGPAPWRPRDQARPSPSTTPARPRPR
SPAVPSTGTRTCRSPG*

Figure S8: Sites of 4 bp, 11 bp and 13 bp deletions in Pdx gene (red) and predicted protein products
(out of frame amino acids underlined)
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The TALEN-generated Cdx mutant used in this study has a deletion of 7 bp (Figure 1, main text; Figure
S9). The predicted mutant peptide retains the first 5 amino acids before a frameshift, then 4 additional
residues (underlined) before a premature stop codon.

7 bp Cdx deleted region (red) and predicted protein product

ATGTACCGTCACCCCTCCCAGGGCAGCTACAACTTGAACCCGTACAACTACGCCACGGCGCACCCTGCC
TACCCCGCGGAGTACGGACAGTACCAGGTCCCGCCTGCCGTCAACGCCGGCGAGAACCTACAGCAGACG
GCCGCCGCCGCCGCGTGGCAGTCCGCCGCAGCCTTCGGCTCGCACGGGGCCGGACAGAGGCCAGAGGAA
TGGGACGGTCGCGGGTACAACTGCACGGCGGGGACCGGGCTGACCGCCGGCCCGACCGGGTCCTGTACA
GCCTTCCCCGGGATGGACTACCCTGTCCCCGTCGGTGCCATCCAGGCCAACAGCCCTGCCGTGTCGGGA
GTGACGACCAACTCTACCAACAGTCAGAGACCACAGCACAGCAGAAATCCGTACGACTGGATGAGGAAA
AGCAACTACTCCACAAGTCCTCCCCCAGTGCTGTCCGTGCGAGGCATGCCGCCGCAGGGCAGAAAGGAT
GGCGGCAGATGTGAGATTCTAGGCCCTGATGGTAAGACGCAGGACGAAGGATAAGTACCGGGTGGTTTAT
TCCGACCATCAGCGCCTGGAGCTGGAGAAGGAGTTCTACTCCAACAAGTACATCACCATCAAGAGGAAG
GTTCAGCTGGCGAACGAACTGGGCCTGTCGGAGCGCCAGGTCAAGATCTGGTTCCAGAACAGGCGCGCC
AAGCAGCGCAAGATGGCCAAGCGGAAGGAGCTGCAGCATCCGGGCGGGCAGGGCGGGAGTGACGATGGG
GGAGGGGTGATGGGAGAGGTGTCCACACTCACGGTAGGCCCCCCACCCCACCAGCTCACCCTAAACCCC
AGCGGCGTGGCGGCCTCCACCCTCAGCAACCCCGCTCTCCCCCCGTCCTCCTCCCCTCTCATGACCAGC
GCCATGACGCATGCAGTGACGTTGCCGTCGTGTGTTCCTTCCTCGTGA

MYRHPAATT*>

Figure S9: Site of 7 bp deletion in Cdx gene (red) and predicted protein product (out of frame amino
acids underlined)

SECTION 3: CLONING GENES FOR IN SITU HYBRIDISATION PROBES

Genes Primer sequences (5’ —3’)

Pdx Forward: GGTACCTACCCACGAGAAGGGTACGA
Reverse: GAATTCGGAGAGCCGTTGTTGACGTA

Cdx Forward: ATGTACCGTCACCCCTCCCAGGG
Reverse: TCACGAGGAAGGAACACACGACG

lip1 Forward: GGTACCCAGGCATGAATCTATCCAGCG
Reverse: GAATTCGGAAACTGCCTCCTAGACGTT

Brachyury (Bra2) Forward: AGACCAGCGTCAACAACGAGATG
Reverse: AACAACTGGAGCCCYATGAC

Mop Forward: CTCGAGATGACTGAGCTGCCATCGTT
Reverse: GATATCAGTTTGGATTCCGCCAGTCT

Mitf Forward: ATGCAAGACGAGTCAGGTGTTG
Reverse: TCATTGGAGCTGCAGGAGATCA

Cyp26-3 Forward: AAGACTCTCTCGTCAGTCGG
Reverse: TGAAGGACAGCACGTCATCC

Rootletin Forward: GAAGCGTGACACCGAGTACA

Reverse: TTAGCCTCGGAAAGGGCTTG

Table S2: Primers used to clone genes for riboprobe synthesis. Some primer sequences include
restriction endonuclease sites.
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SECTION 4: MORPHOLOGY OF PDX MUTANT AMPHIOXUS

bp L,dd,,:’y“;: 1 2 3 4 5 6 7 8 8 10 1 12

750
500 < Uncut
250 < Cut

Figure S10: Amphioxus larvae at 16 d post-fertilisation (7-gill stage) showing endogenous green
fluorescence in buccal cirri (all genotypes) and gut region (arrow; not seen in -/- mutants). These
larvae were generated by a cross between heterozygous animals with 4 bp Pdx deletion; larvae
labelled -/- are Pdx 4A homozygotes. Top panels show digestion products from PCR across the
mutated region: mutation removes the restriction site, so the higher band indicates presence of the

mutated allele, the lower band the wild type allele.
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Figure S11: Fluorescence in Pdx compound heterozygous amphioxus larvae and siblings.
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(A) Larvae at 46 days
development showing
endogenous green
fluorescence in buccal cirri
(all genotypes) and gut
region (arrow; not in -/-
mutants). Larvae from a
cross between female Pdx
11A heterozygote and male
Pdx 13A heterozygote; larvae
labelled -/- are Pdx 11A/13A
compound heterozygotes.
Top panels show digestion
products from PCR across
the mutated region:
mutation removes the
restriction site, so the higher
band indicates presence of
the mutated allele, the lower
band the wild type allele.

(B) Larvae at 6 days
development (5 gill slits)
showing endogenous green
fluorescence in buccal cirri
(all genotypes) and gut
region (arrow; not in -/-
mutant). Larvae from a cross
Pdx 47 heterozygote and Pdx
11A heterozygote; larva
labelled -/- is Pdx 4A/11A
compound heterozygote.



SECTION 5: MORPHOLOGY OF CDX MUTANT AMPHIOXUS

Late neurula o Mouth-opening larvae Mouth-opening larvae
M 2 4 5 6 ¥4 8 9 10 12 17 icl’

Figure S12. Morphological similarity of wild type and mutant Cdx embryos up to mouth opening. Top
panels show digestion products from PCR across the mutated region: mutation removes the
restriction site, so the higher band indicates presence of the mutated allele, the lower band the wild

type allele.

+/+ or +/-

6-day larva

Figure S13. Extreme body truncation after 6 days of development in Cdx homozygous mutants.
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SECTION 6: REPORTER GENE ANALYSIS OF CYP26-3

We identify five putative Cdx binding sites (TTTATT/AATAAA) in ~3.1 kb upstream of the ATG of
Cyp26a-3 (blue highlights in Figure S14). Four are upstream of the deduced transcriptional start site
(black text) and one in the 5’ untranslated region (blue text). Two were chosen for mutagenesis
(bold and underlined); these have a purine residue following TTTATT and best match mouse
(WTTWAYKRNH) (Amin et al. 2016) and human (NTTTATDRBHB) Cdx binding sites
(http://jaspar.binf.ku.dk/)/

BfCyp26a-3 promoter

TGGTGAGATTCGTGCGTACCGTCAAAGGACTTCTGTGATATCTATTTCTAACAAGGATACATCGCTCTTGTTCAGAAATAGGATCTTGGCAA
TGGCAATAAGTACCAAAAGTATATATTATACGTTATGCAATACATTACAGTTGATACGACTAAGACGTATTTCCAAGATTTTGACGACAGTG
GGTGGTAGACTTTAGGAAGACACTGGTGTCTATAGTCTCCAGGTAGACGTGTCAGATGGATGAAAACAGAACAGTCTGGCCAAATAGGGACC
AATAAATTGTCATGGGATTTCCAGTAAGTCTTTTGCAGTCTGTTGAGCTATCTATACGCCGGCCGGTCAGTTAACTCCTACTCCTAGGCCAG
TTGATAATAACTCTTACTACCACTTAACTAGGCTTTTATTTCAAGCTTATCCAAAGTCCCCTGCCCTGTCACTATTCAGTcagtagtctggt
agagattcTAACatatttaattttttgttgtgtctCACATGGTGTTTTAACATACACTGTTTCAGCATACTCAATCAAACCACGACCTGACG
TCCAGTCACTTCTTATGATACATTACAAGCTAtatgccaccaaaaaatcaagaccatagcatgtccaggtcaaaagatacaaaaagtcgttc
tgctgcagtaccaaggtcacaaaccagggtgcccaaaatcaccctgaccttcgtctttgcaatacctacccacatatcaaatatcattataa
ccCAACCAgagttatggtgaccacaaatatccggaaacacaaacagacacacgcatagacacacacacagaaacaccaaaaactatgcctcc
atttttcatggaggtaacaatctGAAGAGACCTCAAAGCTGCAGACGGCAAGTGGCCATGTTACTATGATTGTTAGGTGCAGCTCAAACAGC
CCAGAtgttgacctgtgacctttacTAATTAGCTGTGAGACCGTTGTAGAAAGGTGGCTGCAACCGTGTTCCAAGAAGTTCTACGGATATTG
AGTCAGAGGAAAAAGACTTTGTACAAAGTGTTGAAGAACTTCTTCTATTTTATCATGACATATTCTGCTGAGCAGTGGGTAGTCGACATCCC
AGTTGTCATAGCAAGAGGACAGGCtcagatccccccceccccccccccatacgaTACTGAAGCTGTTCTATATCATACATATCATGCAATTATG
TCTATTGATGATCTAGAAAGCTCAAAGTCTAGCACGACAAAAGCGGACAGAGTTTGTTAACAACCTTTCCGTCTCACTAACTTCGCTGTTCT
CCGCACAACTTTAACGTTATCTGTTTCGAAGAAGGCATAGGATTCATTTTTAGAGTGAACAAAGATATCGACGACGTTTTCCCCTCAAACTT
GTACCTATAAAAGAGAACGTACAGACAGGGGTTACTTCCGGTTAAGGGccctctttttgataagtgctgTAAAGTGGCGTGGCACTTGAGGA
GGGTTATCAGAAATTGTCAGTAGGCTCGAGGTCAATAACCCCCACCCACTTCACACGAGGACTCTCTCAGGAGATGTCTATTCCGATCTCTG
CAAATAGAATAGACAGGAGAACATTGCTCAGCGGTTACGGAACCGCAGTTTCTGCTTGATGTCTATGTATGATCCGCGGCGCTGAGTGCGTT
TCAGCTGCACTATTAAACGCCACTGCAATgatgttcgccttgcattcggttgGTGGATCCCTGGCCAAGCCATGCGCTATGTCAAAGAGACT
TTAGATATGGTACtttctgctttctctgcttagagaaagcagcatgtgagCAAGAATTTGAGAAGGAgcatggtagttgaacacacaccact
accagtggactagccccctgctgtaatgattacaaaagttgtgtggcccggggctacagaaacggagatgggtgeccgtectatgcaccatct
ggtacGGGAAGGACTTCAACTTACCTTAAGTAATGCCGTGTGGCTGATTAGGGTATCTGGTAACTTTCGaaaaaaaGAGAGTAAAGAGAGGA
AAATTATTTTCCCTCATAAAAACCCAATTAGCATTCCAGCGGAAGGTTACACGGCAAGCCATATTTATACAAAGAACGCCAATCATGTTAAT
ACCAGTATTACATTGATTATTTCATCTTCTCTGAAGACCTTTGATATACCAATAGTACAATAAGCCGTAAAGTTCGAACGTTCGCAACACCA
GGTACCCCTAGCAGAAAGAGATGAACTTTTGCAGTGTATCAAACATTGTGTTTTCATTGCCAATGACTTTCacgatatatttttttcaagac
gTTAGGTATAcccacgggggggggggggggttctgttGTGGTCCACAGAGAGACAGACGTCGGAGTTAAAAACTACGCGCACTACTGTCTAC
TGACCCCGACAGAAACCTTCAGTATACCCCGACCTACGTGGTGGGGTAGCGGAGTGATGACAGAGACCCGGGTTTGACCCCTTGCACTCAGC
AACACATCCAATGTTTATTTGCTTCTCTCGTTATTCTGGGAATCTAGCAAAGATGACTAGTCGTGACAGCGCCCTGGCAGATAATTGACAGG
CCACTACAATTAAAGTCCGTGTGTGAGCGATGGGCCGGGAGGTCAGGCAGGGCGTTGGCTTGTCTCTTGTCTGTCAGTCGGGAGGTTTGCAC
TCAGGAGCCAGCAAATAACGTAACATGTCCGTTCACTCCACCTGTCAATATTCATTAGTCCCTCGGCGCGGGCATTGCACTTATITTATTAG
CCGCGGTCCAATTGGACCTCTGTCAGCCAATCGGCGTGGTCATTACAGGCGGTTCTTCAGACGACAAGGGGCGTGGCCTTGTGGGAGGTACG
ACTGATGACGTAATCGGGCGGCCCCGTGTCGTCGATCCAAACGAGCTGAACTCTGAATGAACCACTTATTAATGACATTTGCGTGCTTGACG
GGGGAATAAATACGAGTGAGTGGTTCTCGAGCAGCCCATTCTTGCCCAGCCTCTGTTCTACACGCAGAGGAGACTCTCCTGCTCCCGCCCAA
CCCCGGACCAGGCTCCCGTCGTATCACAGCTTGTAACCACGCCACAAGACTCTCTCGTCGGTCGGCAAAATG

Figure S14. DNA sequence upstream of start codon of B. floridae Cyp26a-3 gene. Red ATG = start
codon; blue text = 5’ untranslated region; blue highlight = putative Cdx binding site; underlined blue
highlight = binding sites chosen for mutagenesis; yellow highlight = cloning primers.

The 3.1 kb region was cloned into pGL3 basic vector (Promega) between Sacl and Nhel sites, and the
resultant construct (‘Cyp26-3 promoter’) was used to make mutant constructs with one or two
putative Cdx binding sites mutated (‘BS1 mutation’, ‘BS2 mutation’ and ‘BS1,2 mutation’) using a
PCR method (Table S3). Controls were empty pGL3 vector and not injected samples.
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Genes Primer sequences (5’ =>3’)
Cloning primers | Forward: TGGTGAGATTCGTGCGTACC

Reverse: CTCTCTCGTCGGTCGGCAAA
Binding site 1 Forward: TCTGGCCAAATAGGGACCgACgACTTGTCATGGGATTTCCAG
mutagenesis Reverse: CTGGAAATCCCATGACAAgETcgTcGGTCCCTATTTGGCCAGA
primers
Binding site 2 Forward: CGCGGGCATTGCACTTATcTgcTeAGCCGCGGTCCAATTGGA
mutagenesis Reverse: TCCAATTGGACCGCGGCTcAgcAgATAAGTGCAATGCCCGCG
primers

Table S3: Primers used for cloning and mutagenesis of Cyp26-3 promoter sequence

Injection solutions were prepared containing 3 ng/uL Renilla luciferase vector pRL-TK (Promega),
20% glycerol, 5 mg/ml Texas Red dextran, with or without 30ng/uL each of above luciferase
constructs. Microinjection into unfertilized amphioxus eggs was conducted as previously described
(Liu et al. 2013). For each experiment, ~60 embryos were collected at 16 hours post fertilization.
Wild type embryos from the same batch were also collected and used as a negative control (‘WT’).
Levels of luciferase and Renilla were detected with the Dual Luciferase Kit (Promega Co.) using a
GloMax luminometer with an integration of 10 seconds. The level of luciferase activity was
normalized to the level of Renilla activity for each experiment. All experiments were repeated three
times (Table S4).

Construct | Cyp26-3 BS1 BS2 BS1,2 pGL3 WT
promoter | mutation mutation mutation

RFV1 16.0989 8.0092 8.3821 4.8000 0.5515 0.4338

RFV2 20.2335 4.8345 6.5707 3.1083 0.4145 0.3469

RFV3 11.6292 7.4662 5.4355 4.8504 0.4836 0.3582

Table S4: Raw values of relative luciferase for each construct and replicates RFV1 to RFV3.

SECTION 7: DIFFERENTIAL EXPRESSION OF CANDIDATE TARGET GENES
DNA sequences of supercontigs referred to below are in Supplementary Data.
(a) Analysis of GFP genes affected by mutation of amphioxus Pdx

In Pdx 4A/11A mutants, we found down-regulation of reads mapping to 11 contigs from the GFP
gene family (GE_G14886, FE_G16436, NOVEL_103923, NOVEL_102722, NOVEL_50813, ML_G28518,
FE_G16645, FE_G16414, ML_G19054, ML_G18969, NOVEL 74108). To analyse whether these are
variants of the same amphioxus gene, or multiple genes, blast align (nucleotide vs nucleotide)
(https://blast.nchi.nlm.nih.gov/Blast.cgi) was used to search a database of DNA sequences of the
open reading frames of the 13 amphioxus GFP open reading frames described by Li et al. (2009).
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Results of blast align, compared to expression fold change data from DEG analysis:

Contig Best hit Weaker hits Log 2 fold change adjp
>FE_G16436 (short) GFP-8 GFP-11 -1.59 3.05E-10
>NOVEL_103923 GFP-13 GFP-10,8,12 -2.08 4.00E-20
>NOVEL_102722 GFP-13 GFP-10,8,12 -2.21 1.21E-20
>GE_G14886 (short) GFP-1 GFP-2 -0.64 0.009
>NOVEL_50813 GFP-10 GFP-8, 13,12 -0.68 0.002
>ML_G28518 GFP-10 GFP-8,13,12 -0.68 0.004
>FE_G16645 GFP-8 GFP-10,13,12 -0.95 7.23E-07
>FE_G16414 GFP-10 GFP-12,9,1 -1.06 0.04
>ML_G19054 GFP-10 GFP-8,13,12 -1.26 2.59E-09
>ML_G18969 GFP-13 GFP-8,10,12 -2.05 5.78E-05
>NOVEL_74108 GFP-13 GFP-10,8,12 -3.06 1.30E-14

Table S5: GFP contigs affected in Pdx mutant transcriptomes

The most likely identities for these contigs are GFP-8, GFP-10 and/or GFP-13. The single match to
GFP-1 is weaker and derived from a short contig so is less reliable. It should not be concluded that all
three best hit genes (GFP-8, GFP-10 and GFP-13) are changing in expression level, however, because
four amphioxus genes - GFP-8, GFP-10, GFP-12 and GFP-13 - have highly similar nucleotide
sequences and are the product of recent tandem gene duplication (Li et al. 2009). Short read
sequence data, as generated in this study, cannot be unambiguously assigned to a particular gene
and reads will be split by multimapping between them. We conclude that one, or more, of the genes
GFP-8, GFP-10, GFP-12 and GFP-13 has been down-regulated in expression following Pdx mutation.

(b) Analysis of insulin signalling pathway genes affected by mutation of amphioxus Pdx

i Signalling peptides. We found three contigs with partial sequence similarity to insulin-like
peptide (ILP) genes (FE_G15481, GE_G16157 and FE_G15511); these are expressed ~2to 11
fpkm. NCBI blastn analysis vs nr database (31/7/19) suggests the first two represent genes
related to ILP; the third (FE_G15511) is true ILP. None of these contigs showed significant
expression level changes in Pdx mutants.

ii. Binding proteins. Supercontig M_G27744 encompassed three related contigs (below), each
with stretches of 100% identity to a gene annotated as insulin-like growth factor binding
protein 7 (IGFBP7) in B. belcheri (XM_019790737, LOC109486832) and its homologue in B.
floridae (XM_002608818.1). These contigs showed clear down-regulation in Pdx mutants. A
second supercontig FE_G33063 also matched this gene and showed similar down-regulation.

Contig Transcript Best hit Log 2 fold change adjp

ML_G27744 MLTU49440 IGFBP7 -0.67 0.002
MLTU49442 IGFBP7 -0.73 0.0008
MLTU49437 IGFBP7 -0.70 0.004

FE_G33063 IGFBP7 -0.62 0.0015

Table S6: IGFBP contigs affected in Pdx mutant transcriptomes
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However, there are additional contigs with sequences matches to IGFBP genes (for example,
FE_G30801, GE_G21098, ML_G26668) or IGFBP acid labile subunits (GE_G18919,
ML_G15423) that do not show differential regulation

iii. Receptors. Contig FE_G26674 encoding insulin-like peptide receptor (100% blastx hit to B.
floridae ILP receptor BRAFLDRAFT 128184 XP_002585764.1) showed up-regulation in Pdx
mutants (log 2 fold change 0.49, adjp = 0.009). The B. lanceolatum orthologue of this gene
(second blastx hit), has been shown to bind peptides of insulin and an ILP analogue when
expressed in cell culture, supporting its designation as an insulin-like peptide receptor
(Pashmforoush et al. 1996).

(c) Analysis of iLBP genes affected by mutation of amphioxus Cdx

In Cdx - mutants, we found 1.6- to 13.5-fold down-regulation of reads mapping to eight contigs
from the intracellular lipid-binding protein (iLBP) gene superfamily which in vertebrates include
CRABP (Cellular retinoic acid-binding protein), CRBP (cellular retinol-binding proteins) and FABP
(Fatty acid-binding proteins). These contigs are FE_G16051, GE_G22703, ML_G19061,
NOVEL_10269, NOVEL_50856, NOVEL_65559, NOVEL_74162, NOVEL_82533. To analyse whether
these are variants of the same amphioxus gene, or multiple genes, BLASTX was used vs NCBI nr (30-
31/7/2019). This revealed that seven contigs represent the gene iLBP4 and one represents iLBP6.

Contig Best hit Log 2 fold change adjp
FE_G16051 iLBP-4 -2.196 1.54E-22
GE_G22703 iLBP-4 -2.06 4.20E-15
ML_G19061 iLBP-4 -2.40 2.92E-09
NOVEL_50856 iLBP-4 -2.11 5.05E-14
NOVEL_65559 iLBP-4 -2.42 9.08E-61
NOVEL_74162 iLBP-4 -2.67 1.06E-14
NOVEL_82533 iLBP-4 -3.77 0.015
NOVEL_10269 iLBP-6 -0.699 0.002

Table S7: Intracellular lipid-binding protein contigs affected in Cdx mutant transcriptomes

The first seven contigs match iLBP-4 of Albalat et al (2011), NCBI XP_002607338. The same gene was
named CRABP by Jackman et al. (2004), NCBI AAQ72814.1, but does not group more closely with
vertebrate CRABP in phylogenetic trees when a diversity of amphioxus iLBP genes is included (see
Supplementary Figure S6 of Albalat et al 2011). The last contig matches iLBP-6 of Albalat et al (2011),
NCBI XP_002607336.

(d) Hox gene expression in wild type and Cdx mutants

In previous work from our laboratory and that of H.V. Isaacs (University of York, UK), we showed
that disruption on Cdx function in Xenopus tropicalis has a colinear-like effect on Hox gene
expression (Marlétaz at al. 2015). In addition to the expected down-regulation of posterior Hox
genes after Cdx disruption, we detected higher expression of anterior Hox genes (consistent with
Cdx genes activating posterior Hox genes and repressing anterior Hox genes in normal
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development). We wished to test if an analogous colinear-like relationship to Cdx occurred in
amphioxus.

First, we note that absolute levels of expression differ greatly between Hox genes in wild-type
embryos, as estimated from transcriptome read mapping (calculated here from the Cdx experiment
42h samples). Only Hox1, Hox3, Hox4 and Hox6 have expression levels above 10 fpkm; Hox2, Hox5
and Hox7 have fewer reads counts and the more ‘posterior’ paralogy group genes barely any (Table
S7; Figure S15).

Hox gene Contig Mean fpkm | Mean fpkm | adjp Log2FoldChange
wild type Cdx mutant

Hox1 HOX1 16.51668 23.66045 0.000546 0.518436
Hox2 HOX2 1.85504 1.780453 0.999998 -0.05927
Hox3 HOX3 22.38144 21.47403 0.999998 -0.05965
Hox4 AB028208.1 28.09742 23.44197 0.192511 -0.26125
Hox5 HOX5 1.842797 0.953663 0.672645 -0.9493
Hox6 HOX6 24.91482 14.74147 6.16E-05 -0.75688
Hox7 FE_G13616 0.241352 0.063064 0.073839 -1.93772
Hox9 FE_G13248 0.059181 0.057971 NA -0.02971
Hox15 FE_G13062 0.043841 0.152279 0.266805 1.795219

Table S7: Hox gene expression changes in Cdx mutant transcriptomes

Expression levels of B. floridae Hox1 to Hox7 —e=xo wT
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Figure S15: Expression levels (FPKM) of Hox genes in B. floridae determined from RNAseq data
generated in the present study. Blue line, homozygous mutant; orange line, wild type and
heterozygotes.

This finding is consistent with in situ hybridisation experiments to wild type B. floridae embryos,
which detected strong signals for Hox1, Hox3 and Hox4, but very weak expression of Hox2 (Wada et
al. 1999), although contrary to the stronger Hox2 pattern reported by Schubert et al (2006). The read
counts reported here for B. floridae are also consistent qualitatively with B. lanceolatum
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transcriptome data (from a slightly later developmental stage) reported by Marlétaz et al. (2018),
extracted and plotted below, apart from higher expression of Hox1 in B. lanceolatum (Figure S16).

Expression levels of Hox1 to Hox7, B.
lanceolatum 60hpf. Data from Marletaz et al.
(2018)
80
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Figure S16: Expression levels (cCRPKM) of Hox genes in B. lanceolatum determined from RNAseq data
of Marletaz et al. (2018)

Second, we detect a colinear-like response of Hox genes to mutation of Cdx, with paralogy group 1
gene expression higher in mutants, Hox2, Hox3 and Hox4 unaffected, Hox5 and Hox6 mildly down-
regulated, and Hox7 strongly down-regulated ((Table S7; Figure S15). Only the Hox1 and Hox6
expression changes are significant when each genes is considered in isolation; considering genes as a
cluster and plotting mean changes collectively reveals a significant negative slope to the response
(Figure S17).

B. floridae Hox1 to Hox7, log2 fold change in
expression following Cdx mutation

y =-0,3448x + 0,8782
-2 R2=0,8719 e

Figure S17: Expression level change (fold change log 2 scale) in Hox gene expression in Cdx
homozygous mutants compared to wild type and heterozygotes.
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Discussion
1. Expanding the tools for understanding Evolution

Before the dawn of Evo-Devo (Miiller 2007), the genomic regulatory mechanisms that
took place during development were not incorporated into the study of evolution. Once
their role during development could be related to the phenotype of the adult organism,
they became a great tool to elucidate the underlying mechanisms of evolution. In order
to understand not only their role during evolution, but how these mechanisms work, we
should identify their phylogenetic origin. This will provide not only the most ancestral-
like version of the process studied, which may be more suitable to work with, but also
will inform of the best fitted model organisms to use.

However, pinpointing the origin of a mechanism may be difficult in some cases, and
this is particularly true when, for example, long noncoding RNAs are involved. LncRNAs
are particularly difficult to analyse from an evolutive point of view in most of the cases.
The main reasons are that they have a very low rate of sequence conservation
(Diederichs 2014; Jathar et al. 2017) and that they tend to be subjected to huge turnover
(Neme and Tautz 2016). Nonetheless, when some degree of conservation is found in
something so variable as the IncRNAs, like the one presented in this work, it implies that
a strong selective pressure is at play, hence studying it may well be giving interesting
insights into the roads of regulatory evolution

Microsynteny is another example of the kind of conservation in elements otherwise
seemingly volatile. Irimia et al. (2012) found syntenic conservation of gene pairs over
large evolutionary distances and demonstrated that the linkage was due to regulatory
constraints. Before those findings, the assumption that gene order was not under
selective pressure kept us out from taking advantage of this feature to broaden our
understanding of evolution.

These are just some of several examples (with more to come for sure) where finding
underlying conservations helped to better identify the possible origins and reconstruct
the formation and mechanics of genomic regulation processes that take place during
development and shape the different organisms through evolution. In this work, one of
these was analysed in further detail over long evolutionary distances on the road to

vertebrates, including us humans.
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2. Conserved lincRNAs within Chordata

2.1. IncRNA fraction in amphioxus

The identification of bona fide IncRNAs is, in most cases, a process of successive
filtering that separates the coding from the non-coding fraction within the
transcriptome (Pauli et al. 2012). However, these filters must be applied properly in
order to be restrictive enough to discard all the probably-coding transcriptomic artefacts
while identifying most of the true IncRNAs. In our case, more than 1500 loci were
classified into one of the four different IncRNA classes assigned by our pipeline. This is
around 1,5% of all the loci found in B. lanceolatum, a small percentage at first sight. But
these 1500 IncRNAs were obtained after a final multiexonic filtering. If we take all the
monoexonic plus multiexonic transcripts into account, more than 31000 loci are
classified as IncRNAs, around 34% of the loci in B. lanceolatum. Nonetheless, we decided
to restrict the analysis to the spliced IncRNAs to avoid any potential artefacts related
with the RNA-seq and transcriptome assembly protocols, even if it implied losing such a
huge number of candidates.

When looking at the tissue specificity of this IncRNA dataset (considering tissue specific
any gene expressed more than twice in one tissue respect the others (Zhu et al. 2016)
and having more than 5 cRPKMs (corrected Reads per Kilobase per Million reads) in said
tissue), we found that, as expected, gonads are the most enriched tissue in IncRNAs,
altought the neural tissue ranks fourth (Figure D1). This is not what we would had
expected in terms of tissue specificity, as normally gonads and neural tissue are the most
enriched tissues in IncRNAs (Necsulea et al. 2014). This enrichment may be caused by
an overrepresentation in the RNA-seq data of gills, cirri and epidermal tissues, a
cephalochordate-specific expansion of the IncRNAs in these tissues, or alternatively
because additional levels of neural gene regulation are present in vertebrates but not in
amphioxus, thanks to the higher presence of IncRNAs in the neural derivatives in
vertebrates (Clark and Blackshaw 2017). The last option would be similar to the findings
reported by Irimia et al. (M. Irimia et al. 2011; Manuel Irimia et al. 2009) and Burguera
et al. (2017; Burguera Herndndez 2017), where alternative splicing in neural tissues was
shown to be dramatically increased at the origins and during the evolution of

vertebrates, hence increasing the level of regulatory complexity present in this tissue.
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Figure D1. Number of tissue-specific multiexonic IncRNAs in B. lanceolatum in each of the 9 tissues
analysed. Male (red) and female (light blue) gonads merged.

2.2. Novelty of the LincOFinder pipeline

Trying to assess the interspecific conservation of lincRNAs is problematic due to the
inherent properties of these molecules (Diederichs 2014). Even between mouse and
human, when comparing certain homologous lincRNAs, the conservation ratio is even
lower than the mean ratio present in intronic regions (Han et al. 2014; Sorek and Ast
2003). Thus, if orthology relationships are being interrogated, taking into account the
conservation of the nucleotide sequence is only useful if working with very closely
related species.

LncRNAs apparently obtain their function through folding themselves into a secondary
structure (Zampetaki et al. 2018). Although this would in theory allow them to maintain
functional homology without conserving the nucleotide sequence, recent studies found
that even the secondary structure seems not to be deeply conserved in orthologous
IncRNAs (Rivas et al. 2017). In addition, carrying out secondary structure homology
analyses, requires huge horsepower of computation hardware not easily available.

All these problems seemed to be solved by looking for conserved lincRNAs through
synteny, performed by using BlastZ genomic alignments to detect conserved regions

flanking a lincRNA in two different species (Ounzain et al. 2015). This solution has a main
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handicap: the longer the evolutionary distance between the two species, the more
difficult it becomes to find potential syntenic regions and hence orthologous lincRNAs.
That is why we tried to spin the last concept a little bit to create a tool that can be used
for virtually any two species with good quality genomic and transcriptomic data.

The main advantage of LincOFinder over other methods based on sequence
conservation is that it relies on microsyntenic conservation and a proper establishment
of interspecific orthology relationships, which are more evolutionary constrained than
the highly mutable nucleotide sequences of lincRNAs, but at the same time more
tolerant than genomic BlastZ alignments. This is the reason why lincOFinder can help to
uncover conserved lincRNAs over deep evolutionary distances, in any species for which
proper gene annotation data is available.

From our analyses, we identified, for the first time to our knowledge, bona fide
homologous IncRNA between invertebrates (amphioxus) and vertebrates, which means

450 Myears of evolutionary distances

2.3. Origins of Hotairm1

From the list of putatively orthologous lincRNAs obtained by LincOfinder in B.
lanceolatum, two of them were located on the Hox cluster and one, Hotairm1, was
already annotated in some vertebrates. The bibliography allowed us to confirm that
after its first identification in human cells, it was later found in several vertebrate
lineages such as mammals (Yu et al. 2012), birds and reptiles (Gardner et al. 2015). These
characteristics made us focus on the lincRNA Hotairm1 and try to assess the extent of
its conservation.

In most of the vertebrates analysed there were traces of Hotairm1 presence, like an
EST in Xenopus, reads mapping the genomic area between Hoxaal and Hoxaa2 in
medaka, or a fragment of a conserved RNA motive in spotted gar. In the particular case
of zebrafish, no Hotairm1 evidence was found. This could be due to a lineage-specific
loss as it is present in another teleost, i.e. medaka, and a secondary effect of the
microsynteny breakage of the Hoxal and Hoxa2 paralogy groups that took place in
zebrafish (Kurosawa et al. 2006). In the case of the cyclostomes E. burguer and P.
marinus, we could not find either any trace of Hotairm1 within their genomes. As in

zebrafish, the microsynteny is lost in this region, but in these organisms, we cannot
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confirm if the missing lincRNA could not be detected due to a lineage-specific loss or
alternatively due to an incomplete IncRNA annotation (Pascual-Anaya et al. 2018).
Finally, the Hox cluster disintegration that took place in tunicates (Sekigami et al. 2017)
made the search for a microsyntenic lincRNA unavailable. Furthermore, due to the
absence of an antisense transcript 5’ of Ciona intestinalis Hoxal, we could not confirm
the presence or absence of Hotairm1 in this chordate subphylum.

All the data obtained strongly suggests that Hotairm1 was retained within the HoxA
cluster after the two vertebrate-specific rounds of genome duplication (Dehal and Boore
2005; Pascual-Anaya et al. 2018), as in every species where Hotairm1 was found, it was
located within this cluster. We can also conclude that it was present at least in the last
ancestor of chordates, with an origin that predates, at least, the appearance of extant
chordate lineages more than 500 million years ago. We also checked in other
invertebrate species to try to pinpoint the deepest origin of this lincRNA, but so far, we
only found its presence in chordates, hence the current working hypothesis is that it
originated earlier in, or close to, the phylum Chordata.

This would make Hotairm1 the most deeply conserved bona fide lincRNA identified to
date (along with the other IncRNas idientified in this work). And although Hotairm1 is a
well-known (at least in mammals and birds) conserved lincRNA, its finding among the

orthologous lincRNAs set, is a sound indicative that LincOFinder works as intended.

2.4. Conservation on the expression between frog and lancelet Hotairm1

Though the function of Hotairm1 has been thoroughly studied in several cancers
(Esfandietal. 2019; Liet al. 2018; Ren et al. 2019), all of the previous studies used human
cell cultures as a model. This meant that there were not expression domains of Hotairm1
in the bibliography to compare with the expression obtained in amphioxus. The areas
where Hotairm1 was detected in amphioxus (Figure RII-3) were concordant with the
available functional data of Hotairm1 in vertebrates, which claims that this lincRNA is
expressed during development in a short time window coincident with neural
development, and that it plays a role in the regulation of Hoxal (Hox1 in amphioxus) (
Zhang et al. 2009; Lin et al. 2011; Wang and Dostie 2017) . However, these promising
equivalences were not strong enough to make a claim such us that this lincRNA is

conserved between amphioxus and humans, as not developmental expression of
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Hotairm1 was analysed by in situ hybridisation in any vertebrate. Therefore, we decided
to extend our analysis to another vertebrate, where hotairm1 was not even annotated,
the frog Xenopus tropicallis.

As can be seen in Figure RII-3, the expression domain of Hotairm1 in amphioxus and
Xenopus resemble each other, and both are concordant with the aforementioned
characteristics of this lincRNA found in the bibliography. In the embryos of amphioxus
and Xenopus we detected Hotairm1 in the anterior half of the developing neural tube.
In addition, both (Xenopus’s and amphioxus’s) could be interacting with Hox1 and hoxa1
expression domains, respectively, judging by the partial overlap of the expression
domains. Furthermore, as seen in Figure D2, in both cases there is a peak of expression

at neurulation that decays shortly after.
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Figure D2. Expression profiles of Hotairm1 in Xenopus and B. lanceolatum. (A) Expression levels of
hotairm1 determined by PCR in Xenopus through six timepoints with p300 (a known gene expressed
through development) as a positive control. (B) Expression levels of Hotairm1 determined by RNA-seq in
amphioxus through 14 timepoints. In both cases the peak of expression takes place in the Neurula state.
Amphioxus glyphs adapted from Conklin 1932.

In humans, Hotairm1 has at least two functional isoforms, one spliced and one
unspliced (Wang and Dostie 2017). We found this extra unspliced isoform in Xenopus
(Figure RII-4) but we were unable to amplify it by PCR in amphioxus. When looking at
the RNA-seq data, there were several reads that could support the existence of this
unspliced isoform in Branchiostoma lanceolatum, but they had a low depth. As for now,
we still cannot firmly confirm nor reject the existence of this isoform in amphioxus. We
should take into account, however, how low the overall levels of expression of Hotairm1
are in amphioxus to consider if this low depth of supporting reads could be an indicator

that the unspliced isoform exists, at very low levels, in amphioxus.
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Indeed, the resulting data from the expression analysis of Hotairm1 in Xenopus and
amphioxus, together with the current bibliography about this lincRNA, strongly supports
the hypothesis that Hotairm1 expression is conserved between Xenopus tropicalis and

Branchiostoma lanceolatum.

2.5. Conservation of the mechanism of function between frog and human Hotairm1

Due to the technical limitations for generating B. lanceolatum knockouts, we decided
to use the frog Xenopus for inferring the function of the lincRNA Hotairm1 during
development. Despite the usual criticism towards working with morpholinos due to the
problems associated to this tool, it is an effective and well stablished mechanism of
knocking-down genes in Xenopus (Eisen and Smith 2008; Heasman et al. 2000). Besides,
our results indicate that what was mainly affected in our experiments was, as intended,
the splicing of hotairm1.

As our data indicates in Figure RIl-4, there is a clear switch in isoforms during Xenoups
embryogenesis. Current bibliography suggests that, at least in cultured cells, Hotairm1
influences the remodelling of chromatin in the anterior and middle part of the HoxA
cluster (Wang and Dostie 2017), with the spliced isoform repressing middle HoxA genes
and the unspliced isoform promoting anterior HoxA genes. According to that model of
Hotairm1, we expected an upregulation of anterior HoxA genes, as more unspliced
hotairm1 is being produced. At the same time, we should observe an upregulation of
middle HoxA genes, as the spliced isoform is no longer there to close the chromatin via
the chromatin remodeller PRC2.

But then again, our observations in Xenopus slightly differ to our expectations. First,
the anterior HoxA genes are not affected when morpholino-drived knockouts were
produced (Figure RII-6). This could be explained by a chromatin accessibility level already
at peak in the anterior HoxA genes under control conditions. In this case, increasing the
amount of unspliced isoform would not increase the chromatin accessibility, thus we
would not detect an upregulation of anterior Hox genes. In fact, a similar result was
obtained by Wang & Dostie (2017) when inhibiting most of the spliced isoform. The
unspliced isoform is also inhibited to a certain degree, but it is at an enough level to
maintain the anterior HoxA cluster chromatin in an open state, making the expression

of anterior HoxA genes invariant. Second, while most of the middle HoxA genes are
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upregulated, hoxa4 is downregulated. Several explanations could fit here, one being
that in Xenopus, hotairml acts as a transcription factor for hoxa4, or that the
overexpression of hoxa5 is coupled with an expansion of its expression domain that
results in a downregulation of hoxa4. Unfortunately, these hypotheses could not be
tested in the time being.

Slight differences apart, the hoxa4 downregulation is coherent with the phenotype
obtained as it presents an expansion of the anterior neural tube, prior to the hindbrain,
in the developing embryo, which causes the headless phenotype. This could be the
result of a cascade event, where the reduction of hotairm1 spliced isoform expression
domains generates a reduction of hoxa4, otx2 (forebrain-midbrain boundary) (Gat-
Yablonski 2011; Hidalgo-Sanchez et al. 2005), and engrailed (midbrain-hindbrain
boundary) (Hidalgo-Sanchez et al. 2005) leading possibly to the anterior expansion of
the anterior neural tube (posterior to the hindbrain) (Figure D3). Consistently, all these
results make us consider that the mechanism of action is, at least in some levels,

conserved between Homo sapiens and Xenopus tropicalis.
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Figure D3. Schematic hypothetical representation of expression domains of otx2, engrailed2, hoxal,
hoxa5 and hotairm1 in Xenopus before and after the knock down of the spliced hotairm1.

2.6. Conservation of Hotairm1 across Chordata

When we look at the expression of Hotairm1, there is a clear resemblance in both, the
expression domain and the relationship with Hox(a)1 between amphioxus and Xenopus.
In addition, when we analyse the knocked-down embryos for the spliced isoform in
Xenopus we obtained very similar results to the ones previously obtained by Wang &
Dostie (2017) in human cells. Xenopus and mammalian development, including human
development, is largely conserved, especially with regards to the neural tube closure
and expansion. Thus, we can fairly conclude that Hotairm1 regulation of the Hox cluster

is conserved within gnathostomes, and probably vertebrates or even chordates. This
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backs up the hypothesis that Hotairm1 appearance happened around the first chordate
lineages and was maintained across evolution possibly due to its strong relationship with
Hox(a)1, one of its known targets in humans (Li et al. 2018; Wang and Dostie 2017; Zhang
et al. 2009). Even if we lack the supporting evidence of its presence within cyclostomes
and tunicates, those cases could still be explained. As we stated, in cyclostomes because
of an incomplete annotation due to the narrow time-window in which this lincRNA is
expressed. In C. intestinalis, with the changes in collinearity expression suffered after
the disintegration of the Hox cluster (lkuta et al. 2004), Hotairm1 could had lost its
selective pressure, yielding to the high rates of turnover characteristics of IncRNAs
(Neme and Tautz 2016) eventually being lost.

Summarizing, taking into account the fact that the amphioxus genome represents a
good proxy to the ancestral chordate genome, we are prone to propose that this lincRNA
is conserved in place, expression and function, at least at some degree, in the phylum
Chordata, making Hotairm1 the first identified and characterised case of a bona fide

lincRNA with this level of evolutionary depth conservation.
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3.  Conserved regulation of Hox Cluster in Chordata

3.1. Analysis of Pdx and Cdx knockouts during development

When knocking-out key transcription factors during development, as the ParaHox
cluster genes (Brooke et al. 1998), we should expect a huge number of genes (or contigs
in our case) showing misregulation, whether being up or down expressed. This is
because of a cascade effect where ParaHox genes regulate several genes, and these
genes act upon others, etc... This is why we choose to be highly restrictive and applied
several filters to identify significant differently expressed contigs (DEG), rather than
obtaining a very long list of slightly distinctly expressed contigs in the KO vs WT embryos.

The analysis of the Pdx”" embryos is quite puzzling. If we look just at the developing
embryos, we could think that we are looking at control animals. There is not an obvious
phenotype, despite the genotyping telling us that those animals are in fact Pdx”". Only
one small detail can be used to distinguish KO from control animals, the absence of a
small midgut-restricted area where an endogenous GFP is missing. This particular place
matches with the place of expression of Pdx, that is probably acting as a midgut regulator
(Brooke et al. 1998).

Excitingly however, when we look at RNA-seq data, Pdx”~ animals tell a very different
story, with around 6000 significant differentially expressed contigs. These numbers are,
however, not translated into a quite strong phenotype. This apparent contradiction may
be explained by four different hypothesis or a combination of them: (i) the targets of
Pdx somehow are balancing each other and making the embryo to develop properly; (ii)
the Pdx absence impact is going to be seen at long term, once the organism is fully
developed and could be related with the misregulation of insulin-like proteins which are
expressed just in the region of the gut affected in the Pdx”- organisms (P. W. H. Holland
et al. 1997; Lecroisey et al. 2015); (iii) there are more subtle changes in the phenotype
that the ones we identify, as minor defects in the midgut formation; (iv) most of the
genes labelled significant may be borderline significant and the actual number of real
significant DEGs is lower. With no doubt, it is difficult to pinpoint what is really
happening, but we keep investigating to assess the precise extent of the Pdx knock-out.
Just to note, mice knockouts for Pdx1 are birth properly, the main and nearly one defect

being the lack of pancreas, an endoderm derivative, hence no pancreas hormones are
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produced after birth, producing the metabolic death of the animal (A. M. Holland et al.

2013).

Cdx’- analysis, on the other hand, seems to be quite the opposite. The developing
embryos start developing fairly normal, but at 48hpf, when the larvae start feeding and
the anus should open, it remains closed. This ends with the Cdx”" larvae dying at ~7dpf.
In addition, there is a disruption of the tail fin and the posterior gut. These characteristics
are consistent with the bibliography about Cdx and its role as a regulator of posterior
gut formation (Marlétaz et al. 2015). Curiously, this strong phenotype is caused by a
fourth of the Pdx”" significant DEGs. But as we can see in the MA plots (Figure RIll-7),
one main difference between the Pdx” and Cdx”" significant DEGs is, that in the case of
the later, the number of significant DEGs with a log2FoldChange greater than £2 is quite
higher, and these figures could explain the presence of such a strong phenotype with a
lower amount of misregulated targets than Pdx”". Nevertheless, another reason that
could explain the strong phenotype is the relation of Cdx with two other key players in
the embryo development, the Retinoic Acid (Shimizu et al. 2006) and the Hox cluster

(Charite et al. 1998; Marlétaz et al. 2015).

3.2. Gut-enrichment in both datasets

Pdx and Cdx are well known for their role in the developing gut (Beck and Stringer
2010; Hideaki Kaneto et al. 2007), hence we wanted to assess how many gut-specific
genes were being affected by each knock-out. To do so, we first had to determine what
was the basal prevalence of any random set of genes in our DEG datasets. Therefore, we
generated a randomized dataset, the size of the gut-specific sample, and then compare
the percentages of inclusion of this randomized sample within both DEG datasets. For
being statistically significative we made 1000 iterations of the randomized dataset and
plotted them against the density of probability, alongside the percentage of inclusion of
gut-specific genes in our DEG datasets.

These proved our DEG datasets to be significantly enriched in gut-specific genes but
still the percentages of inclusion seem to be low for what we would expect in genes so
clearly related with gut development. Then, we considered that a great fraction of these
genes will not be tissue specific, either because they are not expressed in the adult

animal, (where the tissue samples for determining the tissue specificity were collected),

147



Discussion

or because they are housekeeping genes, or simply they are expressed in three or more
different tissues. If we reduce the Pdx”" and the Cdx” samples to their tissue specific
fractions, these percentages bump up to 35% and 18% respectively. This would be closer
to what we would expect. If we ran again the randomization analysis, but this time using
only the tissue specific dataset as the selection tool, the enrichment in gut-specific genes
is still significative. This proves that both datasets are reliably significantly enriched in

gut-specific genes.

3.3. Conservation of the anterior and middle Hox cluster regulation via Cdx

Cdx has been known to be a Hox cluster regulator since very early after its discovering
(Brooke et al. 1998; Charite et al. 1998). Unfortunately, how Cdx regulates the Hox
cluster genes is still unclear. In a recent work in a Cdx absence scenario, Marletaz et al.
(2015) showed a colinear regression between the changes in expression of Hox cluster
genes and the position of these genes inside the cluster, with the anterior Hox genes
being overexpressed, and the posterior Hox genes strongly downexpressed.

The results of these experiments carried out in Xenopus tropicalis using a quadruple
morpholino were in fact replicated in Branchiostoma floridae Cdx”- embryos. This clearly
points to a conservation of the regulation of the Hox cluster by Cdx in amphioxus and
Xenopus, with Cdx-Hox gene interaction being a sliding scale. The conserved mechanism
of action may be a chromatin remodelling process mediated by Cdx or, alternatively, by
directly promoting or repressing Hox genes expression by binding to regulatory regions.

Despite amphioxus having only one Cdx gene, in comparison with the three that are
present in vertebrates, the partial redundancy observed within the three vertebrate Cdx
could explain this kind of conservation in function. As the three Cdx genes are expressed
in similar regions of the developing embryo (Marlétaz et al. 2015) perhaps the three of
them are needed to properly promote the expression of the posterior Hox genes and
repress the anterior ones, and the differences rely in which of the four Hox cluster they
mainly act. This would explain how this mechanism of Hox cluster regulation is
conserved in amphioxus, as there is only one Cdx gene for one Hox cluster, making then
amphioxus a simple model to look at this interesting and unsolved cross talk between

Hox and ParaHox clusters.
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Conclusions

The conclusions of this thesis are:

1.

w

© N o w

10.

11.

The IncRNA fraction in B. lanceolatum is composed of a total of 31.485 IncRNAs
with 1.512 of them being multiexonic.

In vertebrates there are additional levels of regulation by IncRNAs in the neural
tissue compared to amphioxus.

None of the IncRNAs identified had primary sequence conservation.
LincOFinder can be used to effectively find orthologous lincRNAs between
distant species using microsynteny. In the case of amphioxus versus humans, we
identified 16 cases, one of them was Hotairm1

Hotairm1 was retained in the HoxA cluster after the 2R WGD.

Hotairm1 expression domain is conserved between Xenopus and amphioxus.
Hotairm1 mechanism of function is conserved between Xenopus and human.
Hotairm1 is conserved in Chordata, being the first bona fide lincRNA identified
with this degree of conservation.

In B. floridae, Cdx and Pdx knockouts have identifiable phenotypes and clear
significant differentially regulated contigs.

Cdx”- and Pdx” significant differentialy expressed genes are significatively
enriched in gut-specific contigs.

In B. floridae, the differences in expression of the Hox cluster in Cdx”" are

resembling the ones seen in triple Cdx knockdowns in Xenopus.

12. The regulation of Hox cluster by Cdx is conserved in Chordata.
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Toll-like receptors (TLRs) are important for raising innate immune responses in both
invertebrates and vertebrates. Amphioxus belongs to an ancient chordate lineage
which shares key features with vertebrates. The genomic research on TLR genes in
Branchiostoma floridae and Branchiostoma belcheri reveals the expansion of TLRs in
amphioxus. However, the repertoire of TLRs in Branchiostoma lanceolatum has not
been studied and the functionality of amphioxus TLRs has not been reported. We have
identified from transcriptomic data 30 new putative TLRs in B. lanceolatum and all of them
are transcribed in adult amphioxus. Phylogenetic analysis showed that the repertoire
of TLRs consists of both non-vertebrate and vertebrate-like TLRs. It also indicated a
lineage-specific expansion in orthologous clusters of the vertebrate TLR11 family. We
did not detect any representatives of the vertebrate TLR1, TLR3, TLR4, TLR5 and TLR7
families. To gain insight into these TLRs, we studied in depth a particular TLR highly
similar to a B. belcheri gene annotated as bbtTLR1. The phylogenetic analysis of this
novel BITLR showed that it clusters with the vertebrate TLR11 family and it might be more
related to TLR13 subfamily according to similar domain architecture. Transient and stable
expression in HEK293 cells showed that the BITLR localizes on the plasma membrane,
but it did not respond to the most common mammalian TLR ligands. However, when the
ectodomain of BITLR is fused to the TIR domain of human TLR2, the chimeric protein
could indeed induce NF-«kB transactivation in response to the viral ligand Poly I:C, also
indicating that in amphioxus, specific accessory proteins are needed for downstream
activation. Based on the phylogenetic, subcellular localization and functional analysis,
we propose that the novel BITLR might be classified as an antiviral receptor sharing at
least partly the functions performed by vertebrate TLR22. TLR22 is thought to be viral
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teleost-specific TLR but here we demonstrate that teleosts and amphioxus TLR22-like
probably shared a common ancestor. Additional functional studies with other lancelet
TLR genes will enrich our understanding of the immune response in amphioxus and will
provide a unique perspective on the evolution of the immune system.

Keywords: toll-like receptor, TLR, evolution, amphioxus, Poly I:C, TLR22

INTRODUCTION

There are two types of immunity in vertebrates. One is the
innate immunity, which is genetically programmed to detect
invariant features of invading microbes. The other is the adaptive
immunity, which employs antigen receptors that are not encoded
in the germ line but are generated de novo (1). The innate
immune system is the first line of defense against infectious
diseases (2). Immediately after infection, the innate response
is activated to combat pathogens and synthesize inflammatory
mediators and cytokines (3). However, the primary challenge of
the innate immune system is how to discriminate a countless
number of pathogens using a restricted number of receptors (2).
As a response, a variety of receptors can recognize conserved
motifs on pathogens (4). These conserved motifs are known as
Pathogen-Associated Molecular Patterns (PAMPs) (5) and their
recognition partners, are called Pattern Recognition Receptors
(PRRs) (6).

Toll-like receptors (TLRs), among the most extensively
studied PRRs, are type-I transmembrane proteins consisting
of an ectodomain, a transmembrane (TM) domain and an
intracellular Toll/interleukin-1 receptor (TIR) domain (7). The
ectodomain, which functions as a PAMPs recognition domain,
is arranged in tandem leucine-rich repeat (LRR), from one to
many depending on the receptor type. The LRR contains a
segment of 11 conserved residues with the consensus sequence
LxxLxLxxNxL, where x can be any amino acid, L is a hydrophobic
residue (leucine, valine, isoleucine, or phenylalanine) and N can
be asparagine or cysteine (8). The TIR domain is present in the
cytosol and is required for downstream signal transduction (9).
Upon PAMP recognition, TLRs recruit TIR-domain containing
adaptor proteins such as MyD88, TRIE, TIRAP/MAL, or TRAM,
which initiate signal transduction pathways that culminate in
the activation of NF-kB, IRFs, or MAP kinases regulating the
expression of cytokines, chemokines, or type I interferons (IFN),
which finally protect the host against infections (10).

TLRs are expressed in innate immune cells such as dendritic
cells and macrophages as well as non-immune cells like fibroblast
and epithelial cells (10). TLRs are largely divided into two
subfamilies based on their subcellular localizations: cell surface
or intracellular. Ten and twelve functional TLRs have been
identified in humans and mice, respectively. Human TLRI,
TLR2, TLR4, TLR5 and TLR6 are expressed on the cell surface
and recognize mainly microbial membrane components such as
lipids, lipoproteins and proteins. Human TLR3, TLR7, TLRS,
TLRY and murine TLR11, TLR12, TLR13, which are expressed in
intracellular vesicles such as those in the endoplasmic reticulum
(ER), endosomes, lysosomes and endolysosomes, and recognize

nucleic acids (9, 11-13). Recently, the sequencing of the genome
in five bony fish species has allowed the discovery of at least 16
TLR types in teleosts (14).

There are two structural types of TLRs according to the TLR
ectodomain structure: sccTLRs and mccTLRs. The sccTLRs are
characterized by the presence of a single cysteine cluster on the
C-terminal end of LRRs (a CF motif), which is juxtaposed to
the plasma membrane. Most TLRs found in deuterostomes have
this domain organization. The mccTLRs are characterized by an
ectodomain with two or more CF motifs and another cysteine
cluster on the N-terminal side of the LRRs (NF motif). They are
systematically found in protostomes but have also been identified
in the invertebrate deuterostome S. purpuratus and the cnidarian
N. vectensis (15). Both sccTLR and mccTLR share a common
TLR structure: LRR+TM+TIR. According to the ectodomain
architecture and phylogenetic criteria, vertebrate TLRs can be
classified into six families: 1, 3, 4, 5, 7 and 11. TLR1 family
includes TLR1/2/6/10/14/18/24/25 as well as TLR27; TLR3, 4
and 5 families only include TLR3, 4 and 5 itself; TLR7 family
includes TLR7/8/9; TLR11 family includes two subfamilies: 11
(TLR11/12/16/19/20/26) and 13 (TLR13/21/22/23) (16, 17).

A variety of TLRs are capable of recognizing viruses. Among
human TLRs, the envelope proteins from viruses are mainly
recognized by TLR2 and TLR6. Viral nucleic acids are recognized
by TLR3 (ssRNA or dsDNA), TLR7 (ssRNA), TLR8 (ssRNA),
and TLRY (dsDNA or CpG motifs) (18). In teleosts, it has been
reported that Poly I:C could be recognized by different TLRs.
Teleost TLR13 was firstly reported in Miiuy croaker (Miichthys
miiuy) which showed cytoplasmic localization in HeLa cells.
It could respond to both Vibrio anguillarum and Poly L.C
injection in vivo and Poly I:C stimulation in leukocytes (19).
In fugu (Takifugu rubripes), TLR3 localizes in the endoplasmic
reticulum and recognizes relatively short dsRNA, whereas TLR22
recognizes long dsRNA on the cell surface (20). Grass carp
(Ctenopharyngodon idella) TLR22 is expressed in many tissues
and is highly abundant in the gills. Infection of grass carp with
grass carp reovirus (GCRV), a dsRNA virus, induces a rapid up-
regulation of TLR22 gene expression in the spleen (21). Japanese
flounder (Paralichthys olivaceus) TLR22 is mainly expressed in
peripheral blood leukocytes (PBL) and could be induced by both
peptidoglycan and Poly I:C (22), whereas TLR3 gene expression
in PBLs increased upon stimulation with Poly I:C and CpG ODN
1668 (23). Both TLR3 and TLR22 gene transcription had also
been studied in large yellow croaker. Basal gene transcription
was high in several immune organs and could be up-regulated
after injection of Poly I:C in the anterior kidney (TLR22), spleen
(TLR3 and 22), liver (TLR3) and blood (TLR3) (23). In the
common carp (Cyprinus carpio L.), TLR22 was transcripted in
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almost all the tissues. When fish was challenged with Poly I:C
or Aeromonas hydrophila, the transcription of this TLR was
up-regulated in a variety of tissues (24). Overall, TLRs with
immune function have been found from cnidarians to mammals
which imply a conserved evolution. TLR3 is found both in
mammals and teleost whereas TLR22 is present in many fish
species and Xenopus, but absent from birds and other terrestrial
animals (25). The origin of the TLRs involved in dsRNA virus
recognition is still under study. The current hypothesis is that
specific fish TLR duplication results from the fish specific Whole
Genome Duplication (WGD) (26-28), but here we show that, in
amphioxus, exists an ortholog of the TLR11 subfamily possessing
TLR22 functional similarities, pointing out that a TLR22-like
function was present in the ancestor of chordates.

Amphioxus belongs to an ancient chordate lineage which
shares key anatomical and developmental features with
vertebrates and tunicates (also known as urochordates) (29). All
chordates have a similarly organized genome though amphioxus
has relatively little duplication (30). Thus amphioxus, with
its phylogenetic position diverging at the base of chordates
and its genomic simplicity, is a good non-vertebrate model to
understand the evolution of vertebrates (31). Branchiostoma
lanceolatum (Mediterranean amphioxus) has been extensively
studied together with other amphioxus species such as
Branchiostoma belcheri (Asian amphioxus), Branchiostoma
japonicum (Asian amphioxus) and Branchiostoma floridae
(Florida amphioxus) (32). To date, genomic data have revealed
that B. floridae has 48 TLRs (33). However, only one full-length
TLR, annotated as bbtTLR1, was functionally characterized in B.
belcheri tsingtauense until now. The experimental data supports
the immunological function of this TLR that together with
MyD388 is involved in the activation of NF-kB signaling pathway
(34). Further studies of TLRs in amphioxus are required to better
understand the ancestors and functional evolution of vertebrate
TLRs.

In this study, we investigated the total number of TLR genes in
B. lanceolatum and studied their phylogenetic and evolutionary
relationships with vertebrate and invertebrate TLRs. We also
examined the total number of TLR genes in B. floridae and
B. belcheri according to our definition of a true TLR. We
studied the basal gene expression of all the TLRs in adult
amphioxus (B. lanceolatum). Moreover, we cloned the full length
of a novel TLR in B. lanceolatum and we further investigated
its subcellular localization and PAMP binding specificity using
NF-kB luciferase assay in a mammalian expression system.
Exhaustive phylogenetic analysis combined with functional data
has allowed us to explore the evolution and function of this novel
TLR compared with vertebrate TLRs.

MATERIALS AND METHODS

Sequence Analysis: Phylogeny and
Bioinformatics
To characterize the TLR repertoire of B. lanceolatum,

we performed a search using the BDtTLRI sequence
(GenBank: DQ400125.2) and an unpublished transcriptome of

B. lanceolatum derived from several adult tissues and embryonic
stages. The transcriptome data were obtained from an exhaustive
collection of 52 RNA-Seq datasets using the Illumina technology.
From 15 embryonic stages, one pre-metamorphosis stage and 9
adult organs, a total of 4.2 billion Illumina reads with a volume
of 871 Gbp were obtained. These embryonic stages are eggs,
32 cells, blastula, 7, 8, 10, 11, 15, 18, 21, 24, 27, 36, 50, and
60 hpf. The adult tissues are neural tube, gut, hepatic tissue,
gills, epidermis, muscle, female and male gonads, and cirri. For
the transcriptome assembly, Tophat2 was used mapping each
strand-specific RNA-seq sample against the recently assembled
B. lanceolatum genome. Gene models were built using Cufflinks
and each annotation merged using Cuffmerge to produce a single
collection of transcripts. The transcriptome was translated into
predicted proteins using the TransDecoder suite v3.0.1. From
the PFAM database v30.0, we downloaded the hidden Markov
models profile collection (Pfam-A.hmm.gz) and extracted the
two profiles for the protein domains that we were looking for,
the TIR and the LRR domains. HMMER 3.1b was then used
with the hmmsearch mode to identify the predicted proteins
with these domains. Finally, a manually curated annotation
was performed. Specific primers for each B. lanceolatum TLR
were designed using NCBI primer designing tool (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/) and are shown in
Supplementary Table 1.

To study the phylogenetic relationship of B. lanceolatum
and vertebrate TLRs, we performed the maximum-likelihood
analysis. Drosophila melanogaster Toll sequences and vertebrate
TLR protein sequences were obtained from the National
Center for Biotechnology Information (NCBI, https://www.
ncbi.nlm.nih.gov/) and UniProt (http://www.uniprot.org/)
(Supplementary Table 2). TLR sequences of Lytechinus
variegatus (35) and Saccoglossus kowalevskii (36) were obtained
from online repositories and a search similar to the one
carried on in B. lanceolatum (Supplementary Data1). In all
the phylogenetic analysis, we only included the sequences
that have a complete TIR domain. For full-length protein,
sequences were aligned with MAFFT (37) choosing L-
INS-i method which optimizes alignments for sequences
containing hypervariable regions flanked by one alignable
domain. For TIR domain, sequences were aligned with
MAFFT choosing G-INS-i method which allows to align the
entire region with a global conservation. The alignment was
trimmed using TrimAL (38) with “Automated 17 mode. The
phylogenetic reconstruction was done using IQ-TREE (39) and
its built-in ModelFinder software (40). Branch support was
calculated running 1,000 replicates of the SH-like approximate
likelihood ratio test (SH-aLRT) (41) and ultrafast bootstrap
(42).

The TLR sequences of B. floridae and B. belcheri were obtained
from the databases of JGI (http://genome.jgi.doe.gov/Brafll/
Brafll.home.html) and LanceletDB (http://genome.bucm.edu.
cn/lancelet/index.php), respectively. The open reading frame was
identified through sequence translation with ExPASy software
(http://web.expasy.org/translate/). Transmembrane regions were
predicted using TMHMM server v2.0 (http://www.cbs.dtu.
dk/servicess TMHMM/). The number of LRR domains was
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predicted using LRRfinder software (http://www.Irrfinder.com/
Irrfinder.php). Full-length protein domain was predicted by
the Simple Modular Architecture Research Tool (SMART)
(http://smart.embl-heidelberg.de/). The single cysteine cluster
TLRs (sccTLRs) and multiple cysteine cluster TLRs (mccTLRs)
were characterized according to Leulier and Lemaitre (15).
The first annotated sequence was selected according to the
blastp software in NCBI. The molecular weight of BITLR was
calculated with ProtParam (http://web.expasy.org/protparam/).
The sequence of BITLR was examined for the presence of
a signal peptide using SignalP (http://www.cbs.dtu.dk/services/
SignalP/). N-linked glycosylation site was predicted with
NetNGly 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/).
Multiple sequence alignment of BITLR and fish TLR22 was
performed by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/).

The phylogenetic analysis of three Branchiostoma species
(B. floridae, B. belcheri and B. lanceolatum) TLRs was performed
using TIR domain sequences. The TIR domain sequences of
vertebrates, S. kowalevskii and D. melanogaster were included.
All the TIR domain sequences were identified from the full-
length protein using SMART software. Prior to the analysis,
sequences were aligned with MAFFT choosing G-INS-i method.
The alignment was trimmed using TrimAL with “Automated 1”
mode. The phylogenetic analysis was done using IQ-TREE and
its built-in ModelFinder software. Branch support was calculated
running 1,000 replicates of the SH-like approximate likelihood
ratio test and ultrafast bootstrap.

The phylogenetic analysis of BITLR and BbtTLRI1 was
performed with the full-length protein using IQ-TREE software.
The D. melanogaster Toll and the vertebrate TLR sequences
were included in the analysis. The sequences were aligned with
MAFFT choosing L-INS-i method. The alignment was trimmed
using TrimAL with “Automated 1” mode. In the analysis, branch
support was calculated running 1,000 replicates of the SH-like
approximate likelihood ratio test and ultrafast bootstrap.

Animals

Branchiostoma lanceolatum adults were collected in the bay of
Argelés-sur-Mer, France (latitude 42° 32’ 53” N and longitude
3° 03/ 27" E) with a specific permission delivered by the Prefect
of Region Provence Alpes Cote d’Azur. B. lanceolatum is not a
protected species. Amphioxus were kept in the laboratory in 60-
1 glass tanks with ~50-1 seawater and 5 cm height of sand on the
bottom. Water temperature was maintained around 17°C and the
salinity ranged between 40 and 45 PSU. The photoperiod was set
to 14 h light/10 h dark. The animals were not fed with extra food
during the experiment.

RNA Isolation, cDNA Synthesis and
RT-PCR

Total RNA was extracted from the whole animal using
TRI reagent (Sigma-Aldrich) according to the manufacturer’s
protocol. The homogenization was performed with a Polytron
homogenizer (Kinemetica). The quality of the RNA was assessed
with a Bioanalyzer (Agilent Technologies) and the concentration
was measured with a Nanodrop (Thermo scientific). The RNA

was purified using an RNeasy micro kit (Qiagen) and DNAse
treated according to manufacturer’s instructions and stored at
—80°C. The first-strand cDNA was synthesized with SuperScript
II first-strand synthesis system (Thermo Fisher Scientific). RT-
PCR reactions were performed with primers specific for each
TLR under following conditions: initial denaturation at 94°C for
5min, followed by 35 cycles of denaturation at 94°C for 45s,
annealing at 60°C for 455, and extension at 72°C for 50, and
a final extension at 72°C, 7 min. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a reference gene. PCR
products were separated in 1% agarose gel electrophoresis and
stained with GelGreen Nucleic Acid Gel Stain (Biotium). Agarose
gel imaging was performed with a GelDoc XR system (Bio-Rad).
Six of the PCR products were purified and sequenced.

Full-Length cDNA Cloning of BLTLR

A DNA BLAST search of NCBI database was conducted using
BbtTLR1 sequence from B. belcheri (GenBank: DQ400125.2). We
obtained a sequence (GenBank: AF391294.1) from B. floridae
showing 82% identity. In addition, a DNA BLAST search using
bbtTLR1 was performed in the genome scaffold of B. lanceolatum
and we identified a short sequence (ContigAmph29716) showing
83% identity. The forward primer (Table 1) was designed based
on the conserved region between bbtTLR1 B. belcheri and B.
floridae sequence. The reverse primer (Table 1) was designed
based on the ContigAmph29716 sequence. We cloned a fragment
of around 2,000 bp by PCR using the cDNA prepared from the
whole animal. The 5'-end was obtained by 5" RACE (Invitrogen)
using gene specific primers (Table 1). A fragment of ~600 bp was
obtained. The 3’-end was obtained by 3’ RACE (Invitrogen) using
gene specific primer (Table1). A fragment of ~1,000 bp was
obtained. Finally, a PCR amplification was carried out to obtain
the full-length sequence with Expand high fidelity PCR system
(Roche) using the full-length primers (Table 1) designed in the
non-coding regions from both 5’ to 3’-ends. All the fragments
were separated by electrophoresis and cloned into the pGEM-T
Easy Vector (Promega). Sequencing was carried out using T7 and
SP6 primers (Servei de Genomica i Bioinformatica, IBB-UAB).

TABLE 1 | Primers used for cloning and RT-gPCR.

Category Primer Sequence (5'-3') Product
size (bp)

Fragment Forward ~ GGGACGATCCAGTCACGCTG 2,190
Reverse ~ GACACCAACGGCTGCGCAG

5'RACE Reversel GAGTGAAGAACAGTGA 684
Reverse2 GTCATTCCCTCCAAGGTTCAAAGAAGTC

3'RACE Forward ~ CGAAGACAGGCGATGGGTT 1,119

Full-length  Forward ~ AGAGAGAGAAAACTGCCAGCC 3,077
Reverse ~ TTTCTGTCTCGACGGTCCTT

RT-gPCR  Forward ~ TCACACGCTTTCTACGGCTT 122
Reverse ~ AGGCTTAGGTCCAGTACGGT

GAPDH Forward ~ CCCCACTGGCCAAGGTCATCA 154
Reverse ~ GCTGGGATGATATTCTGGTGGGC
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LPS and Poly I:C Treatment in vivo

Adult amphioxi were treated with either 10 g/ml bacterial
lipopolysaccharide (LPS) from Escherichia coli O111:B4 strain
(Sigma-Aldrich) or 10 pg/ml Poly L:C, a synthetic analog of
dsRNA viruses (Invivogen) by bath immersion. The stocks of
LPS and Poly I:C solution were prepared in PBS (Sigma-Aldrich)
and diluted to the indicated working concentrations with sterile
seawater. Seawater sterilization was performed with 0.22 wm
sterile filter. PBS prepared in seawater (1% v/v) was used as a
control. Three, 6, 12 and 24 h after immersion, 3 animals from
each group were sampled separately. The animals were frozen in
liquid nitrogen immediately and stored in —80°Cuntil use. Total
RNA was prepared from the whole animal and the first-strand
cDNA was synthesized for RT-qPCR analysis.

RT-gPCR Analysis

RT-qPCR was carried out to analyze the relative transcription
level of BITLR after LPS and Poly I:C treatments. The analysis
was performed in the CFX384 Touch Real-Time PCR Detection
System (Bio-Rad) using the iTaq universal SYBR green supermix
kit (Bio-Rad) following the manufacturer’s protocol. The RT-
qPCR primers (Table 1) were designed to detect the transcription
level of BITLR. GAPDH gene was used as a reference gene.
107! and 1072-fold cDNA dilutions were used for BITLR
and GAPDH gene expression analysis, respectively. Each PCR
mixture consisted of 5 1 of SYBR green supermix, 0.5 M of
primers, 2.5 pl of diluted cDNA, and 1.5 pl sigma water in a
final volume of 10 pl. All samples were run in triplicate using
the following steps: initial denaturation at 95°C for 3 min, 39
cycles of 95°C for 10s and 60°C for 30s, and finally, 95°C
for 10s, increase every 0.5°C for 5s from 65 to 95°C. The
relative transcription levels were calculated using the 27AACT
method (43). All the data were analyzed using GraphPad software
and significant differences were analyzed by one-way analysis
of variance (ANOVA) using the value of ACt (normalize each
technical repeat’s gene-specific Ct value by subtracting from it the
reference gene Ct value) (44).

Plasmids

To study the subcellular localization of BITLR in HEK293 cell,
the coding sequence was cloned into pIRES2-EGFP vector (BD
Biosciences Clontech, 6029-1) with two HA-tags (YPYDVPDYA)
at 3’ end (named BITLRHA) using Xhol and EcoRI as restriction
sites. For testing the specific ligand binding of BITLR, the
ectodomain and transmembrane domain (amino acids 1-774)
of BITLR fused with human TLR2 cytoplasmic region (amino
acids 611-784; NCBI: NP_001305716.1) was cloned into pIRES2-
EGFP vector (named chimeric BITLR) between SacIl and EcoRI
restriction sites. The eukaryotic expression vector pIRES2-EGFP
was purchased from BD Biosciences. The NF-kB-dependent
luciferase reporter vector (pNFkB) and the Renilla luciferase
vector (pRenilla) were provided by Dr. José Miguel Lizcano.
All the plasmids were confirmed by sequencing and agarose
gel electrophoresis digested with the corresponding restriction
enzymes. All the plasmids were purified at large scale using
NucleoBond Maxi endotoxin-free plasmid isolation kit (Fisher
Scientific) and stored at —20°C until use.

Cell Culture, Transient Transfection and

Stable Cell Lines

HEK293 cells were grown in complete medium: DMEM (Life
Technologies, 31885) supplemented with 10% (v/v) FBS (Gibco)
and 1% (v/v) penicillin and streptomycin (Gibco) at 37°C and 5%
CO5. Plasmids were transiently transfected in HEK293 cells using
linear polyethylenimine (PEI, CliniScience) at a ratio of 3:1 (g
PEI: pg plasmid). HEK293 cell lines stably expressing BITLRHA
and chimeric BITLR were generated by Geneticin selection
(Invitrogen, G418). In brief, 24h after transient transfection,
the culture medium was substituted with selective medium
containing 1 mg/ml G418. Selective medium was refreshed every
2-3 days until the G418-resistant foci could be identified and
all non-transfected cells (control) were dead (around 2 weeks).
The colonies were picked and expanded in selective culture
medium containing 1 mg/ml G418 for the following 2 weeks.
Then, HEK293 stable cell lines were isolated via GFP-positive cell
sorting (FACSJazz) in order to enrich the stable cell line. Finally,
the HEK293 stable cells lines were cultured in DMEM complete
medium at 37°C and 5% CO,.

Flow Cytometry

To assess the transient transfection ey ciency of plasmid
BITLRHA in HEK293 cells, flow cytometry was performed using
a FACS Canto (Becton Dickinson, USA). In brief, HEK293 cells
were seeded on 6-wells plate (Thermo Scientific) at 50% density.
The cells were transfected with empty vector (pIRES2-EGFP) and
BITLRHA plasmid using PEI as described above. Non-transfected
cells were used as negative control. Cells were detached using
TrypLE (Gibco) and re-suspended in PBS for cytometry analysis
at 24, 48 and 72h after transfection. The cytometer was set to
detect the GFP signal and a total 10,000 events were recorded.
The raw data were analyzed with Flowing software (Finland) and
GraphPad software. Flow cytometry was also used to assess the
percentage of transfected cells when setting up the stable cells
lines BITLRHA and chimeric BITLR.

Western Blot Analysis

HEK293 cells were transiently transfected with empty vector
(pIRES2-EGFP) and BITLRHA plasmid as described above. Cells
were lysed in 200 pl cell lysis buffer (250 mM sacarose, 150 mM
Tris, 5mM EDTA, 125mM DTT, 5% SDS, 2.5% bromophenol
blue and 7.5% P-mercaptoethanol in water) and detached on
ice using a cell scraper (BD Falcon) at 24, 48 and 72h after
transfection. The lysed cells were subjected to sonication for 10s
and centrifugation. After heating at 100°C for 5 min, the cell
extracts were loaded into 10% SDS-PAGE and then transferred to
PVDF membranes (EMD Millipore) using a Mini-protean Tetra
(Bio-Rad). After 1h blocking in 5% (w/v) BSA (Sigma-Aldrich)
in TBST (50mM Tris, 150 mM NaCl and 0.1% Tween 20),
membranes were incubated with 1 pg/pl mouse anti-HA primary
antibody (Covance, MMS-101P) overnight at 4°C, followed by
incubation with a secondary HRP-conjugated antibody for 1h
at room temperature (RT). Proteins were visualized with a
GelDoc system (Bio-Rad) by adding the SuperSignal West Pico
chemiluminescent substrate (Thermo Fisher Scientific).
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Immunofluorescence and Confocal

Microscopy

HEK293 cells were seeded (50% density) on 24 x 24 mm cover
glasses (Labbox) coated with Poly-D-lysine hydrobromide
(Sigma-Aldrich). The BITLRHA plasmid was transiently
transfected as described above. Cells were washed 3 times with
DMEM at 48 h after transfection. For non-permeabilization, cells
were blocked with 2% BSA in DMEM for 10 min at 37°C, and
then incubated with mouse anti-HA primary antibody (1/500
diluted in DMEM) for 1h at 37°C. Cells were washed 3 times
with DMEM and fixed with 4% paraformaldehyde (PFA, Sigma-
Aldrich) for 15min at RT. After PBS washing, for transient
transfection, fixed cells were incubated with anti-mouse Alexa
Fluor 555 secondary antibody (Invitrogen) at 1:1,000 dilution
for 2h at RT; for stable transfection, cells were incubated with
5pg/ml wheat germ agglutinin (WGA) conjugated with Alexa
Fluor 647 for 10min at RT before applying the secondary
antibody at 1:1,000 dilution for 2 h at RT. For permeabilization,
cells were washed with DMEM for 3 times and fixed with 4%
PFA for 15min at RT. After 3 washes with PBS, for transient
transfection, cells were permeabilized with 0.2% Triton X-100
(Sigma-Aldrich) for 15min at RT; for stable transfection, cells
were incubated with 5ug/ml WGA for 10 min at RT and then
permeabilized with 0.1% Tween (Sigma-Aldrich) for 10 min at
RT or the freeze and thaw method according to Mardones and
Gonzalez (45). After that, cells were blocked with 2% BSA in PBS
for 1h at RT, incubated with mouse anti-HA primary antibody
(1/1,000 dilution) overnight at 4°C, followed by incubation with
secondary anti-mouse AlexaFluor 555 antibody (Invitrogen)
at 1:1,000 dilution for 2h at RT. For both methods, cover
glasses with cells were placed on SuperFrost Plus slides (Thermo
scientific) covered with Fluoroshield with DAPI mounting
medium (Sigma-Aldrich). Confocal imaging was performed
using a Leica SP5 confocal microscope with a 63 x oil objective.
The images were analyzed with Fiji software (46).

Ligand Stimulation and NF-kB Luciferase

Reporter Assay

Human TLRI-9 agonist kit (tlrl-kitlhw) and murine TLR13
agonist (tlrl-orn19) were purchased from Invivogen. HEK293
stable cell lines were used to minimize the deviation among
different experiments. The stable cell lines were transfected
with 0.5pg/ml pNFkB and 0.05pg/ml pRenilla (0.5ml per
well) using PEL Renilla was used as internal control to
normalize the differences in the reporter due to different
transfection ey ciencies. Twenty-four hours after transfection,
cells were treated with indicated concentrations of ligands
(Supplementary Table 3) for 16 h. As a positive control, 20 ng/ml
human TNFa (Sigma-Aldrich) was used. The experiment was
performed in triplicate. Luciferase activity assay was performed
with the Dual-luciferase reporter assay system (Promega) using
the Victor3 (PerkinElmer) according to the manufacturer’s
instructions. Briefly, after removing the growth medium from
the well, cells were washed with PBS (2X). One hundred pl of
passive lysis buffer (PLB) were added to each well. Then, the NF-
kB-dependent firefly luciferase reporter was measured by adding

100 pl of luciferase assay reagent II (LAR II). After quantifying
the firefly luminescence, the reaction was quenched. The Renilla
luciferase reaction was initiated by adding 100 pl Stop & Glo
Reagent to the same well and the Renilla luminescent signal
was detected. The luciferase activity was expressed as the ratio
of NF-kB-dependent firefly luciferase activity divided by Renilla
luciferase activity.

RESULTS

The TLR Family in B. lanceolatum

A search for TIR and LRR domains was performed and
proteins with both domains were selected as candidates. Then,
these candidates were manually curated and a list of putative
TLRs was obtained (Supplementary Data2). Despite there
are TLR-related molecules lacking extracellular LRR domains
reported in some species of Hydra and coral (15), we only
considered those sequences with at least one LRR domain,
one TM domain and one TIR domain to obtain our final
list of true TLR candidates. Using this rule, we obtained
30 TLRs. In order to understand the evolution of TLR of
B. lanceolatum, we performed a phylogenetic analysis with
representative vertebrate and invertebrate TLR sequences. Other
authors had used either the full-length protein or the TIR
domain to study the TLR evolution (32, 46-48). Therefore, we
used full-length protein to perform the phylogenetic analysis
when the sequences were complete, or TIR domain when
there were incomplete or truncated sequences. The phylogenetic
analysis of B. floridae, B. belcheri and B. lanceolatum using TIR
domain sequences showed that there are two major clusters
of TLRs (mccTLRs and sccTLRs) in Branchiostoma. However,
we obtained a single clade with almost all the Branchiostoma
sequences, clustered with vertebrate TLR3, 5 and 7 families
(Supplementary Figure 1). This approach did not allow the
identification of inter-taxa relationships between vertebrate and
Branchiostoma TLR families. Roach et al. predicted that a strong
selective pressure for specific PAMPs recognition maintains a
largely unchanged repertoire of TLR recognition in vertebrates
(16). Thus, we did phylogenetic analysis using the highly
refined full-length TLR sequences of B. lanceolatum to better
understand the evolutionary relationships with vertebrate TLRs.
The phylogenetic analysis showed that the vertebrate TLRs were
grouped into six clusters (TLR1, TLR3, TLR4, TLR5, TLR7
and TLRI1 families) with high branch support within their
own clusters confirming the reliability of the tree (Figure 1l
and Supplementary Figure 2). Twenty B. lanceolatum sequences
formed a strongly supported clade distinct from the mccTLR
sequences and grouped with the TLRI11 family. One TLR
(B119922) is not clustered with any TLRs, probably because it is
an N-terminal truncated sequence. Moreover, six B. lanceolatum
TLRs, which were identified as mccTLR (invertebrate type) were
clustered separately from the main vertebrate branch (Figure 1
and Supplementary Table 4).

The transcription of the 30 TLRs in B. lanceolatum was
confirmed by RT-PCR analysis in adult animals. Each primer pair
was designed based on the nucleotide sequences reconstructed
from transcript sequences of B. lanceolatum. We found gene
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FIGURE 1 | Phylogenetic analysis of B. lanceolatum TLRs. The phylogenetic tree was constructed using maximum-likelihood (IQ-TREE) with the full-length protein
sequences. TLR sequences of B. lanceolatum, S. kowalevskii, L. variegatus, representative vertebrates and D. melanogaster Toll were used. Three TLR sequences
(BI10262, BI22164 and BI08928c) with incomplete TIR domain were removed from the analysis. Sequences were aligned with MAFFT choosing L-INS-i method and
the alignments were trimmed using TrimAL with “Automated 1” mode. The best evolutionary model was established by ModelFinder according to BIC. The branch
labels (numbers) are SH-aLRT support (%)/ultrafast bootstrap support (%) at the tree nodes. The tree was generated in FigTree. Dm Toll, Bl mccTLRs, Bl sccTLRs, Sk
TLR, Lv TLR and 6 vertebrate TLR families (highlighted in different colors) are shown. TLR22 clade is shown with a red background. The detailed tree with all node
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transcription in basal conditions for all the 30 TLRs. The
TLRs with gene ID of BITLR, Bl48785, B118798b, B108928b and
Bl30396 showed a weak transcription while others were strongly
expressed (Figure 2). Five of the genes were sequenced using
specific primers confirming the identity of these genes (data not
shown).

To better understand the Branchiostoma TLR evolution, we
compared the domain structure of B. lanceolatum, B. belcheri
and B. floridae. Therefore, we identified a total number of
30 TLRs in B. lanceolatum, 22 TLRs in B. floridae and 37
TLRs in B. belcheri (Supplementary Tables 4-6) according to
the common TLR pattern. We also discriminated sccTLR and
mccTLR in these three species according to the domain structure
and phylogenetic analysis (Supplementary Figure 1). There are 3
mccTLRs in B. floridae, 5 mccTLRs in B. belcheri and 6 mccTLRs
in B. lanceolatum. In addition, the mccTLRs found in the three
Branchiostoma species consistently blast with invertebrate type
TLRs (Supplementary Tables 4-6). We also studied the number
of LRR from each TLR using LRRfinder software. The results
showed that the LRR number of TLRs in the three species ranges
from 1 to 25.

Identification and Characterization of a

Novel BITLR

We focused on the amphioxus TLR11 family described in
section The TLR Family in B. lanceolatum and specifically in
a B. lanceolatum TLR sequence (BITLR) because it was highly
similar to the published bbtTLR1 (GenBank: DQ400125.2). This
B. belcheri gene was annotated as TLR1 based on phylogenetic
and functional data (34). Nonetheless, our phylogenetic analysis
pointed out that BITLR was a clear TLR11 family member.
TLR11 family includes several teleost specific members (e.g.,
TLR19 or TLR22) that are not present in mammalian genomes
and it is of great interest to know whether they are present
in a more basal organism. To begin, we cloned the full-length
of this novel BITLR (GenBank: MG437061) and its 5 and 3'-
UTRs were obtained based on three orthologous found in the
Branchiostoma genus. The length of the novel BITLR cDNA
is 3,772 bp, containing a 227 bp long 5'UTR, a 2,913 bp
ORF (which encodes a putative 970 amino acid-long protein),
and a 616 bp long 3'UTR with a putative polyadenylation
signal (AATAAA) 17 nucleotides upstream of the poly(A) tail
(Supplementary Figure 3). SMART domain analysis predicted
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FIGURE 2 | Expression of TLR genes in B. lanceolatum. The cDNA used in all amplifications was prepared from whole animals. RT-PCR reactions were accomplished
using equal number of cycles, the PCR products were loaded equally on two 1% agarose gels and GAPDH was used as a reference gene. Images were taken with

the same exposure time using a Geldoc.

that the BITLR protein has the following domains: a C-terminal
TIR domain (from residue 800 to 947), a transmembrane (TM)
domain (from residue 752 to 774), a N-terminal signal peptide
(first 27 residues), 21 tandem extracellular leucine-rich repeats
(LRRs), a leucine rich repeat C-terminal domain (LRRCT) and
a LRR N-terminal domain (LRRNT). The domain diagram
of BITLR was made with IBS software (49) and shown in
Supplementary Figure 4. The LRRs are flanked by one LRRCT
and one LRRNT domain. The BITLR has only one LRRCT like
most of the TLRs found in deuterostomes (sccTLRs). The highly
conserved consensus sequence (LxxLxLxxNxL) of each LRR was
identified with the LRRfinder (Supplementary Figures 3, 4). Ten
potential N-linked glycosylation sites were predicted by NetNGly
1.0: Nwl—Nl14—N154-N163-N276-N375-N393-N522-N573-N632. The
deduced molecular weight of BITLR protein is 111.3 kDa and
the full-length protein showed 78.8% identity with the bbtTLR1
of B. belcheri. Three conserved boxes were identified in TIR
domain of BITLR (Supplementary Figure 3). Box 1 and 2 are
involved in binding downstream signaling molecules while box 3
is involved in the localization of the receptor through interactions
with cytoskeletal elements (50). Importantly, a key residue in box
2 (Proline 681 in human TLR2 sequence) involved in MyD88
signaling was substituted by Ala in the BITLR sequence (51).

Expression Analysis of BLTLR After LPS

and Poly I:C Treatment

We performed RT-qPCR to investigate the expression profile of
the BITLR in response to PAMP administration. This approach
is often used to identify which family a putative TLR belongs to.
Two representative PAMPs of bacterial and viral infection (LPS
and Poly I.C, respectively) were used to challenge amphioxus in
vivo. Amphioxi were immersed in 10 pg/ml LPS or 10 jug/ml Poly
I:C to mimic the natural infection route. The gene transcription
of BITLR was analyzed by RT-qPCR in a time course at 3, 6,
12 and 24 h post-immersion (Figure 3). However, no significant
differences in gene expression were observed in any of the LPS

FIGURE 3 | Expression of BITLR gene after LPS or Poly I:C treatment.
Animals previously immersed in 10 pg/ml LPS or 10 ug/ml Poly I:C, were
collected at 3, 6, 12 and 24 h. The untreated animals were used as a control
and assigned a value of 1 in the histogram. GAPDH was used as a reference
gene. The bars indicate mean expression of 3 individual animals + S.D.
Significant differences of mean values were analyzed according to one-way
ANOVA followed by Tukey’s test.

or Poly I:C-treated groups, indicating that 10 jg/ml LPS or Poly
I:C administered by immersion within this time frame could not
significantly induce up- or down-regulation of the BITLR gene in
adult amphioxus.

Subcellular Localization of BITLR in

HEK293 Cells

We used HEK293 cells because these cells could be ey ciently
transfected and they have been extensively used for the
study of TLR subcellular localization. Cells were transiently
transfected with empty vector and the vector expressing the
full-length BITLR. Flow cytometry analysis showed that cells
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were successfully transfected at 24, 48 and 72h and the
transfection ey ciency at 48 and 72h (both around 60%) was
higher than at 24 h (around 30%) post-transfection (Figure 4A).
Western blot analysis confirmed that the BITLR protein was
properly expressed in HEK293 cells, and it was not degraded
by intracellular proteases. The BITLR protein was detected at
24, 48 and 72 h post-transfection (Figure 4B). The transcription
levels were much higher at 48 and 72h than at 24h which
agrees with the cytometry results. The molecular weight
of BITLR protein was around 135 kDa which is slightly
bigger than the theoretical one (111.27 kDa). This may be
due to post-translational modifications such as glycosylation,
phosphorylation, ubiquitination, ubiquitin-like modifications or
S-nitrosylation among others.

To explore the subcellular localization of BITLR, we
overexpressed the HA-tagged BITLR in HEK293 cells and
we visualized the localization using immunofluorescence and
confocal microscopy. We did not observe the HA-tagged BITLR
in both transient and stable transfected cells when the cells were
not permeabilized (Figures 5B,D). Non-transfected cells were
used as a control (Figure 5A). This result indicates that, first,
BITLR might be an intracellular protein; second, BITLR might
localize on the plasma membrane but could not be detected in
non-permeabilized cells due to the HA-tag location at the C-
terminal. To further understand the localization of BITLR, we
performed the assay with a plasma membrane marker (WGA)
and different permeabilization methods. Interestingly, when
the cells were permeabilized using different permeabilization
methods (from weak to strong), we found that BITLR was mainly
localized on the plasma membrane in both transient and stable
transfected cells (Figures 5C,E,F).

BITLR Could Respond to Poly I:C in
HEK293 Cells

Mammalian TLRs can transactivate the transcription factor NF-
kB in response to ligand binding. Usually, each TLR has a
restricted PAMPs preference (Supplementary Table 3) and the

NEF-kB reporter assay allows functional discrimination between
TLRs. To shed light on the role of novel BITLR in PAMPs
recognition, a HEK293 cell line stably expressing BITLR was
generated. However, the BITLR stable cells could not activate the
NF-kB promoter stimulated by any of the tested PAMPs (data
not shown). To further study the receptor activity, we design
a chimeric receptor fusing the ectodomain of BITLR with the
TIR domain of human TLR2 and we generated a stable cell
line. This approach has been used before to ensure a correct
downstream signaling avoiding the differences in the set of
adaptors and accessory proteins between vertebrates and non-
vertebrates (34, 52). The chimeric BITLR stable cells responded
to Poly .C (LMW and HMW) which usually binds to TLR3
or TLR22. Conversely, other ligands, including Pam2CSK4 for
TLR1/2, HKLM for TLR2, LPS for TLR4, flagellin for TLR5, FSL-
1 for TLR2/6, imiquimod for TLR7, ssRNA for TLR8, ODN2006
for TLR9, ORN Sal9 for TLR13 (mouse) failed to induce NF-kB
transactivation (Figure 6). Human recombinant TNFo was used
as a positive control since it is a well-known NF-kB activator.
In order to confirm that the up-regulation of luciferase activity
is due to the Poly I:C recognition by the chimeric BITLR but
not by endogenous TLRs, we performed the luciferase assay
using chimeric BITLR stable cells and HEK293 cells without
chimeric BITLR. The NF-kB luciferase activity was up-regulated
in chimeric BITLR stable cells with respect to HEK293 cells
treated with Poly I:C (LMW and HMW; Figure 6).

Our results showed that the novel BITLR localized at
the plasma membrane and responded to Poly L:C. These
characteristics are only compatible with TLR22, thus we
postulated that the novel receptor is a TLR22-like receptor.
The alignment of BITLR with 12 teleost TLR22 sequences
showed that BITLR had 27.8-30.8% of identity with fish TLR22
(Supplementary Table 7).

To further explore the phylogenetic relationship of BITLR,
BbtTLR1 and vertebrate TLRs, phylogenetic trees were
constructed based on full-length protein sequence using
maximum-likelihood analysis (Supplementary Figure 5). As

FIGURE 4 | BITLR expression in HEK293 cells. (A) HEK293 cells transfected with an empty vector (pIRES2-EGFP) and a vector expressing BITLR were analyzed at
24, 48 and 72 h post-transfection by flow cytometry. Non-transfected cells (NC) were used as a control. Transfection efficiency was evaluated as the percentage of
GFP positive cells. (B) Non-transfected cells, cells transfected with the empty vector and the vector expressing BITLR with HA tag were analyzed at 24, 48 and 72 h
post-transfection by western blot. Protein molecular weight standards (Niborlab) are shown on the right side.
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FIGURE 5 | Subcellular localization of BITLR in HEK293 cells. Confocal images showing HEK293 cells transiently transfected (A-C) or stably transfected (D-F) with
BITLR. (A) Not transfected cells; (B) Cells transfected with BITLR and non-permeabilized; (C) Cells transfected with BITLR and permeabilized with 0.2% Triton X-100.
(D) BITLR stable cells not permeabilized; (E) BITLR stable cells permeabilized using freeze and thaw protocol; (F) BITLR stable cells permeabilized with 0.1%
Tween-20. Nuclei are stained with DAPI (in blue). Transfected cells were GFP labeled (in green). BITLR was detected with anti-HA antibody and AF555-conjugated
anti-mouse IgG (in red). Plasma membrane was stained with WGA AF647 conjugated (in purple). Figures were analyzed with Fiji software.
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FIGURE 6 | HEK293 cells expressing chimeric BITLR induce the activation of NF-kB in response to Poly I:C. HEK293 chimeric BITLR stable cells were treated with 11
different ligands (gray columns). Non-transfected HEK293 cells were treated with five potential ligands (black columns). Non-treated cells (NC) and cells treated with
human TNFa (20 ng/ml) were used as negative and positive controls, respectively. The Iuciferase activity was expressed as the ratio of NF-kB-dependent firefly
luciferase activity divided by Renilla luciferase activity. Bars represented mean + S.D. Significant differences of mean values were analyzed according to one-way
ANOVA followed by Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.0001.

expected, D. melanogaster Tolls clustered independently and
all the vertebrate TLRs clustered into six clades. Furthermore,
BITLR clustered in the same TLR11 family clade together with
BbtTLR1. The SH-aLRT support (%) and ultrafast bootstrap
support (%) are 94.6 and 94 (Supplementary Figure 5). This
result indicates that BITLR is very likely to be a member of
TLR11 family and could be identified as TLR11, 12, 13, 19,
20, 21 22, or 23. Overall, all the results strongly support the
identification of the novel receptor that carries the TLR22
function (BITLR22-like).

DISCUSSION

TLRs play crucial roles in the innate immune system by
recognizing PAMPs from pathogens in vertebrates. In addition,
TLRs have multiple functions ranging from developmental
signaling to cell adhesion in protostomes (48). The study
of TLRs may help to understand the role of TLR-mediated
responses which could increase our range of strategies to treat
infectious diseases and manipulate immune responses by drug
intervention (53). From the evolutionary point of view, TLRs
are conserved across invertebrates to vertebrates and absent
from non-animal phyla (plants and fungi). However, there are
vast structural and functional divergences in TLRs between
invertebrates and vertebrates (15). In vertebrates, humans and
mice have 10 and 12 TLRs, respectively and at least 16 TLRs
have been identified in teleost; in urochordates, Ciona intestinalis
has only two TLRs (54) whereas Ciona savignyi has between

8 and 20 (16); but in cephalochordates, B. floridae has an
expansion of 48 TLRs according to Huang et al. (33). This
expansion of TLRs in invertebrate deuterostomes remains to be
understood by a comprehensive and thorough study of TLRs
evolution. Amphioxus is a good model to study the invertebrate-
chordate to vertebrate transition and the evolution of vertebrates.
Therefore, studying TLR functions in such organism could
improve our understanding of the ancestral innate immune
system of vertebrates.

In this study, we identified 30 TLRs in B. lanceolatum, 22
TLRs in B. floridae and 37 TLRs in B. belcheri according to
the basic TLR structure: “LRR+TM+TIR.” Differences in the
total number of B. floridae TLRs between Huang et al. and our
data probably reflects discrepancies in the consensus of what is
the basic structure of TLRs. Our stringent rule includes only
those putative receptors with a TIR domain, a transmembrane
domain and at least one LRR domain, known as true TLRs
(15). Our available transcriptomic data maybe do not include
all the possible TLRs. Probably the total number of TLRs in
the 3 species of lancelet should be similar. Among them, we
identified 6 mccTLRs in B. lanceolatum, 3 mccTLRs in B. floridae
and 5 mccTLRs in B. belcheri. This finding is different from
the observation by Huang et al. concerning amphioxus TLR
family: it has a high rate of domain combination acquisition
and therefore a high number of TLRs (prediction of 36 sccTLRs
and 12 mccTLRs) (33). Importantly, Banyai and Patthy provided
evidence to dispute that the rate of protein innovation is
exceptionally high in lancelets. They surmised these high rates are
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likely due to gene prediction errors (55). This might be the reason
why there are less TLRs found in our study than the genomic
prediction. Interestingly, if we remove 3 mccTLR sequences in
B. floridae from our list, the total number of TLRs would be the
same as reported by Tassia et al. which identified 19 TLRs (56).
Moreover, the RT-PCR analysis showed that all the 30 TLRs of
B. lanceolatum were truly expressed in adult animals. Our work
shows that amphioxus and vertebrates share a conserved TLR
framework in terms of protein structure. On the other hand,
amphioxus TLRs maintain some features of invertebrates, such
as the mccTLRs which are mainly found in protostomes (15).
The function of remaining TLRs in PAMPs recognition remains
unclear and needs further investigation.

We cloned the full-length sequence of BITLR22-like from
Mediterranean amphioxus (B. lanceolatum). The full-length
protein showed the highest identity (78.8%) with bbtTLR1 of
B. belcheri that was annotated by the authors as a TLR1 based
on the expression analysis after PAMPs injection in vivo (34)
but the authors did not study the subcellular localization or the
direct ligand specificity. The domain analysis of BITLR22-like
protein sequence showed that it has a complete vertebrate-like
ectodomain including a LRRCT, 21 LRRs and a LRRNT. The
ectodomain forms a horseshoe structure to bind the specific
PAMPs including the LRRCT that is responsible for dimerization
which is necessary for complete ligand binding (57-59). The
full-length protein sequences of BITLR22 are highly similar
to the TLR22 of many fish species, suggesting that they may
have similar ligand recognition, intracellular signal transduction
pathway mechanisms and localization.

In mammals, TLRs can be divided into two main groups
according to localization: on the cell surface or in intracellular
compartments (60). Among human TLRs, the ones located
at the plasma membrane (TLRI, 2, 4, 5 and 6) recognize
microbial pathogenic components of the cell wall, while the
others (TLR3, 7, 8 and 9) located intracellularly in endosomes
or lysosome recognizing nucleic acids (4). However, the above
ligand recognition pattern in non-mammalian organisms may
be not always as in mammals. For instance, mouse TLRI3
recognizes a conserved 23S ribosomal RNA (rRNA) from bacteria
in the endolysosomal compartment (11). In teleost, TLR13 of
M. croaker could respond to Poly I:C both in vivo and in
vitro and is localized in the cytoplasm of HeLa cells (19). Fugu
TLR22 recognizes long-sized dsRNA on the cell surface whereas
TLR3 resides in the endoplasmic reticulum and recognizes
relatively short-sized dsRNA (20). TLR22 of grass carp (C.
idella) recognizes Poly I:C stimulation in CIK (C. idella kidney)
cell line and is localized on the cell membrane (21). In our
study, immunofluorescence and confocal microscopy showed
that BITLR22-like is mainly localized on the plasma membrane.

In mammals, TLRs can recognize specific PAMPs with
high levels of sensitivity (61). To test BITLR22-like ligand
specificity, we performed different assays with commercially
available mammalian TLRs ligands, using NF-kB activity as a
reporter. We could not observe significant differences of NF-
kB activation in HEK293 cells expressing BITLR22-like. There
are different possible explanations but apart from problems with
protein expression levels, intracellular degradation or incorrect

tray cking, the two most likely reasons could be: (1) BITLR22-like
could not directly recognize PAMPs and the recognition process
might require the assistance of other proteins that are specific
for amphioxus and are not present in a mammalian system. For
instance, D. melanogaster Tolls do not bind any PAMPs directly
(62) and mammalian TLR4 cannot recognize LPS without the
assistance of MD2 and CD14 (63) or; (2) BITLR22-like has
a TIR domain that interacts with a species specific adaptor
protein not present in mammalian cells. This hypothesis could
be supported by the fact that P681 (human TLR2), extremely
important to activate MyD88 signaling pathways in mammals
(51), was not present in BITLR22-like neither in BbtTLRI
(Supplementary Figure 3). Thus, we could hypothesize that the
absence of this Pro in the TLR22 sequence (Ala in BITLR22-
like) explains why the TIR domain of BITLR22-like cannot
activate MyD88 dependent signaling pathway in HEK293 unless
we combine the ectodomain of TLR22 with the human TLR2
TIR domain. To test this hypothesis, we designed a chimeric
protein containing the ectodomain and transmembrane domain
of BITLR22-like fused to the human TLR2 TIR domain and
we tested whether it could respond to ligand stimulation when
stably transfected in HEK293 cells. Indeed, the cells expressing
chimeric BITLR22-like activated significantly the NF-kB reporter
in response to both LMW and HMW Poly I:C. The magnitude
of the stimulation is similar to other published data. For
instance, Ji et al. characterized the activation of IFN and NF-
kB pathways by a teleost TLR19, and they found similar fold
changes (around 2-fold change) as in our data (2.12 £ 0.1-
fold change Poly I.C HMW and 1.95 % 0.09-fold change Poly
I:C LMW) (64). Other authors also have obtained similar fold-
changes in the NF-«kB reporter assay (65, 66). On the other
hand, Voogdt et al. showed an extremely high activation of
the NF-kB signaling pathway after flagellin stimulation but the
main difference with our approach is that they used cells stably
expressing NF-kB reporter (67). Poly I:C is a specific ligand
of vertebrate TLR3 including many fish species (20, 23, 65,
68), of M. croaker TLR13 (19) and of different fish TLR22
(20-22, 24, 69).

The phylogenetic analysis of BITLR22-like protein sequence
and representative vertebrate TLR protein sequences revealed
that BITLR22-like clusters with the vertebrate TLR11 family.
Interestingly, the phylogenetic analysis of B. floridae TIR domain
and vertebrate TLRs has indicated that 33 variable-type TLRs
show a paraphyletic relationship with the vertebrate TLR11
lineage (33). The TLR11 family is represented in humans only
by a pseudogene and the major divisions of the TLR11 family
are clearly very ancient (16). Moreover, BITLR22-like has a single
domain structure of the ectodomain which should be classified
into TLR13 subfamily (Supplementary Table 8) according to the
ectodomain architecture analysis of vertebrate TLRs (17). Taken
together with its plasma membrane localization and functional
analysis, we could further confirm the annotation of this TLR
as an ortholog of vertebrate TLR11s, carrying a TLR22-like
function and probably share a common ancestor with the fish
specific TLR22. Overall, we provide evidence suggesting that
TLR22 function may be an ancient and evolutionarily conserved
antiviral response which emerged in Chordates.
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Supplementary Figure 1 | Phylogenetic analysis of B. floridae, B. belcheri and
B. lanceolatum TLRs. The phylogenetic tree was constructed by

maximum-likelihood method (IQ-TREE) using TIR domain sequences of

B. floridae, B. belcheri, B. lanceolatum, S. kowalevskii and representative
vertebrate TLRs. D. melanogaster Toll sequence was used as an outgroup to root
the tree. Sequences were aligned by MAFFT with G-INS-i method and the best
evolutionary model was established by ModelFinder according to BIC. Branch
support was calculated running 1,000 replicates of the SH-aLRT and ultrafast
bootstrap and they are represented as percentages at the tree nodes. The tree
was generated in FigTree. Outgroup, mccTLRs and six vertebrate TLR families (by
colors) were shown in the figure. BITLR is indicated by a red arrow.

Supplementary Figure 2 | Complete phylogenetic analysis of B. lanceolatum
TLRs. The phylogenetic tree was constructed by IQ-TREE using full-length protein
sequences. This tree is a more detailed version of the tree shown in Figure 1. All
the values of SH-alLRT support and ultrafast bootstrap support are shown at the
tree nodes. Outgroup, mccTLRs and 6 vertebrate TLR families (highlighted in
different colors) are shown. The red arrow indicates BITLR. Additional information
about the sequences can be found in Supplementary Table 2, Supplementary
Datas 1, 2.

Supplementary Figure 3 | Nucleotide and deduced amino acid sequences of
BITLR. Predicted transcription start site (TSS) is marked with a curved arrow. TATA
box is boxed with a rectangle. The putative STAT5 and APIB transcription factor
binding sites have a thick underline. The start codon (ATG), the stop codon (TAA)
and the polyadenylation signal sequence (AATAAA) are in bold. The predicted
signal peptide and the transmembrane region are underlined. The potential
N-linked glycosylation sites are underlined and in bold. LRRCT domain predicted
by LRRfinder is double underlined. The TIR domain predicted by SMART is
underlined and highlighted in gray. The consensus sequence of LRR domain
predicted by LRRfinder is highlighted in gray. The three consensus sequences of
Toll/interleukin-1 receptor homology domain were boxed and underlined in gray:
box 1(FDAFISY), box 2 (GYKLC—RD—PG) and box3 (a conserved W surrounded
by basic residues).

Supplementary Figure 4 | Predicted domain architecture of BITLR protein. The
domain structure was predicted using the SMART program. Signal peptide (SP),
leucine-rich repeat N-terminal domain (LRRNT), leucine-rich repeat (LRR), leucine
rich repeat C-terminal domain (LRRCT), Transmembrane domain (TM) and
Toll/interleukin-1 receptor (TIR) domain are indicated in figure. Figure was prepared
with IBS software.

Supplementary Figure 5 | Phylogenetic analysis of BITLR. The phylogenetic tree
was constructed by maximum-likelihood method (IQ-TREE) using full-length
protein sequences. BITLR, BbtTLR1 and representative vertebrate TLR
sequences were used in the analysis. D. melanogaster Toll was used as an
outgroup to root the tree. Sequences were aligned with MAFFT choosing L-INS-i
method and the alignments were trimmed using TrimAL with “Automated 1”
mode. The best evolutionary model was established by ModelFinder according to
BIC. One-thousand replicates of the SH-alLRT support and ultrafast bootstrap
support are represented as percentages at the tree nodes. The tree was
generated in FigTree. Outgroup and six vertebrate TLR families (by colors) are
shown in figure. BITLR is indicated by a red arrow.

Supplementary Table 1 | Primers used for RT-PCR analysis.

Supplementary Table 2 | Vertebrate and invertebrate protein sequences used in
the phylogenetic analysis.

Supplementary Table 3 | TLR ligands used in this study.

Supplementary Table 4 | TLRs in B. lanceolatum.

Supplementary Table 5 | TLRs in B. floridae.

Supplementary Table 6 | TLRs in B. belcheri.

Supplementary Table 7 | Protein sequence identity of BITLR and fish TLR22.
Supplementary Table 8 | Ectodomain architecture of vertebrate TLRs and BITLR.

Supplementary Data 1 | TLR sequences of L. variegatus and S. kowalevskii used
in the phylogenetic analysis. The TIR domain of each TLR is highlighted in yellow.

Supplementary Data 2 | Identified DNA and putative protein sequences of TLRs
in B. lanceolatum. The TIR domain of each TLR is highlighted in yellow.
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Origin and evolution of the chordate central nervous system:

BEATRIZ ALBUIXECH-CRESPO', CARLOS HERRERA-UBEDA', GEMMA MARFANY', MANUEL IRIMIA*:23

insights from amphioxus genoarchitecture

and JORDI GARCIA-FERNANDEZ*"

Dept. Genetics, Microbiology and Statistics and Institute of Biomedicine (IBUB), Faculty of Biology, University of
Barcelona, 2EMBL/CRG Systems Biology Research Unit, Centre for Genomic Regulation (CRG), The Barcelona
Institute for Science and Technology, Barcelona, Spain and *Universitat Pompeu Fabra (UPF), Barcelona, Spain

ABSTRACT The vertebrate brain is arguably the most complex anatomical and functional structure
in nature. During embryonic development, the central nervous system (CNS) undergoes a series of
morphogenetic processes that eventually obscure the major axes of the early neural plate to our
perception. Notwithstanding this complexity, the “genoarchitecture” of the developing neural tube
brings into light homologous regions between brains of different vertebrate species, acting as a
molecular barcode of each particular domain.Those homologous regions and their topological inter-
relations constitute the ancestral, deeply conserved, bauplan of the vertebrate brain. Remarkably,
although simpler, the cephalochordate amphioxus shares multiple features of this bauplan, serving
as a privileged reference point to understand the origins of the vertebrate brain. Here, we review
the development of the chordate CNS in view of the latest morphological and genoarchitectonic
data from amphioxus. This comparison reveals that the amphioxus CNS is far from simple and
provides unique insights into the structure of the vertebrate CNS and its evolutionary origins. In
particular, we summarize recent research in amphioxus and vertebrates that has challenged views
on the major partitions of the vertebrate brain, proposing a novel organization of the chordate CNS

bauplan that better reflects developmental and evolutionary data.

KEY WORDS: bauplan, brain partition, DiMes, vertebrate GNS, cephalochordate

Introduction

Homology is a fundamental concept in biology and one of the
key pillars of comparative embryology. Therefore, it is not surprising
that since its early years, Evo-Devo researchers have discussed
whether anatomy or gene expression are better indicators of “strict”
homology (“the same organ in different animals under every variety
of form and function”, Owen 1843, pp.379). These controversies
started soon after developmental gene expression data from single
genes were first compared between two species (e.g., Abouihef et
al., 1997, Wray and Abouihef 1998), and still persist in the postge-
nomic era (Tschopp & Tabin, 2016), when entire transcriptomes
can be compared.

It is not surprising, then, that searching for homologies, diver-
gences, andinnovationsinthe mostcomplex and fascinating structure
in nature — the central nervous system (CNS) of vertebrates — has

been, and surely will be, the subject of study from very different per-
spectives by many researchers. Currently, there are large amounts
of gene expression data that can be used as topological markers in
the developing vertebrate CNS. As all vertebrate neural tubes are
homologous and develop under similar principles, it is generally
assumed that gene expression patterns, which provide positional
information and give insights into the specification and maintenance
of brain derivatives, are, overall, good markers of homology (Morona
etal.,, 2011, 2016). However, comparisons between vertebrate and
non-vertebrate CNS are more challenging, as similarity of (relative)
gene expression patterns are evaluated between highly diverse,
and often quite dissimilar, anatomical structures, without a clear

Abbreviations usedin this paper: AP, anteroposterior; ARCH, archencephalic protagma,
CNBS, central nervous system; DEU, deuteroencephalic protagma; DI, diencephalon;
DiMes, DiMesenphalic primordium; MB, midbrain.
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Fig. 1. Amphioxus anatomy and neural system. (A) Schematic representation of an adult amphioxus, indicating major anatomical structures. (B) In-
nervation of the adult amphioxus, dorsal nerves 1, 2, 3... (n1, n2, n3...), infundibular organ (io), notochord (chd), Kélliker's pit (Kop), Joseph cells (cJo),
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muscle (vsm), pterygeal muscle (pm), gonad (gon), organ of Hesse (oHe), trapezius muscle of atriocoelomic funnel (tm), atriopore sphincter muscle
(atsm), anal sphincter muscle (ansm). (C) Detail of innervation in the most anterior tip, velar plexus (vp), inner buccal plexus (ibp), outer buccal plexus
(obp), first cell of Rohde (arrow), Hatschek’s pit (white arrowhead), anastomosis between nerves 1 and 2 (open arrowhead), two of the neuromuscular
contact zones (black arrowheads). (D) Schematic representation of the neural tube (dorsal view, anterior is up). (B,C) Reproduced with slight modifica-
tions from Witch and Lacalli (2005, © 2008 Canadian Science Publishing or its licensors, reproduced with permission). (D) Adapted from Lacalli (1994).

Anterior is to the right and dorsal is up in (A,B,C).

homologous topological reference. Hence, the study of amphioxus,
which has a centralized CNS that develops from a neural plate that
is unambiguously homologous to that of vertebrates, has been
particularly useful to shed light into how the CNS of vertebrates has
originated and evolved.

Here, after an introduction to the key phylogenetic position of
the amphioxus in the path to vertebrates, we review classic and
recent studies on vertebrates and cephalochordates to provide a
comparative view of the development and morphology of their CNS.
We begin by setting the conceptual framework of our comparisons:
comparative neuroanatomy and the prosomeric model. We will then
review recent results suggesting a novel ontogenetic organization
of vertebrate brain regions as inferred from comparative studies
with amphioxus, and, finally, we will discuss the impact of this
organization on our understanding of key adult brain structures in
cephalochordates.

The amphioxus: key to understanding chordate and
vertebrate transitions

For centuries, amphioxus has attracted the attention of zoologists,

embryologists and, since 1980’s, also of molecular biologists. First
described by Peter Simon Pallas asamolluscanslugin 1774 (Pallas,
1774), later classified as a close relative of agnathan vertebrates,
hagfish and lampreys (Costa, 1834), its phylogenetically privileged
positionis now thoughtto be that of being the most basal-branching
extant chordate (Delsuc et al., 2006). In this Special Issue of the
Int. J. Dev. Biol., readers can learn about the fascinating quest of
several research groups to collect, get to reproducing in captivity,
and work with amphioxus embryos, first using large amounts of
radioactive %P probes, then performing many PCRs, and from strug-
gling for genome sequencing funding to, of late, trying all available
and possible gene modification protocols (see Holland, this issue).

Cephalochordates share the chordate phylum with the Olfac-
tores (Urochordata and Vertebrata) (Delsuc et al., 2006), with an
estimated time of divergence from the last common ancestor at
around 550 million years ago (Blair and Hedges, 2005; Delsuc et
al., 2008). The main characteristic of chordates is the presence of a
notochord, which extends along much of the body; in the particular
case of cephalochordates, the notochord seems to extend beyond
the most anterior tip of the neural tube (Fig. 1A), although this
anterior-most part has been suggested to be homologous to the



prechordal plate (see below). The very name of amphioxus is in
fact an allegory of its shape (amphis = both, oxys = sharp). Unlike
vertebrates, the amphioxus notochord is maintained throughout
life and is the only skeletal structure present in the adult body. The
hollow neural tube, which is dorsal to the notochord, is another of
the morphological characteristics shared with vertebrates, in ad-
dition to the gill slits in the pharynx, the myomeres (or segmental
muscle “bricks”), and the post-anal tail (Garcia-Fernandez and
Benito-Gutiérrez, 2009)

Not only has its prototypical body plan (bauplan) and phyloge-
netic position enticed evolutionary biologists, but also its genome
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2010; Puelles and Rubenstein, 2015). This model proposes that the
vertebrate CNS is composed of basic units of neural development,
the neuromeres, whose organizational principles are identifiable in
the longitudinal and transversal axes across all studied vertebrate
species (Fig. 2B-B”). The prosomeric modelfacilitates comparisons
across vertebrate species, since neuromeres refer to the ‘intrinsic’
axes, as established inthe early neural plate, instead of the ‘extrinsic
axes that had been used in other neuroanatomic approximations
(Kuhlenbeck, 1967; Puelles and Rubenstein, 1993), and which are
greatly affected by the complex morphogenetic events undergone
by the neural tube upon closure (Fig. 2).

is highly remarkable. One of the first genes cloned in
amphioxus (Holland et al., 1992) supported the notion
that the amphioxus had a prototypical genome with
respect to the vertebrate — namely human — genome.
In 1994, after the cloning of the single amphioxus Hox
gene cluster (Garcia-Fernandez and Holland, 1994),
Peter Holland together with one of the co-authors here
(back when they were both very young) and other
colleagues, proposed that the origin of vertebrates
was linked to the double duplication of an ancestral
genome thatwas very similar to the presentamphioxus
genome, the so-called 2R hypothesis (Holland et al.,
1994). Susumu Ohno already noticed the potential of
gene duplication in evolution years before, based on
earlier measures of genome size, and even proposed
than the genome was duplicated somewhere in the path
to vertebrates (Ohno, 1970). But it was not until 2005,
with the publication of the first urochordate genome
(Dehal and Boore, 2005), and definitely in 2008, with
the publication of the amphioxus genome sequence
draft (Putman et al., 2008), that this hypothesis was
corroborated: about 95% of the human genome could
be traced back to a double polyploidisation of an
amphioxus-like genome. In these 14 years, the idea
thatthose new genes were instrumental to the morpho-
logical innovations of vertebrates shifted subtly from
emphasizing additional protein-coding sequencestothe
relevance of duplication and innovation of regulatory
sequences, through the Duplication, Degeneration,
and Complementation model (the DDC model, Force
et al., 1999), or the Duplication, Degeneration, and
Innovation model of regulatory DNA (the DDI model,
Jiménez-Delgado et al., 2009). More recently, the link
between genome duplication and epigenetic changes
(Acemeletal., 2016) also supports the view that the 2R
events at the origin and early evolution of vertebrates
were instrumental to the path that led to us, humans.

In this review, we will show how amphioxus has also
illuminated the origin and evolution of the vertebrate
CNS, arguably the most paramount and defining organ
of our clade.

Conceptual framework: theprosomeric model

A major breakthrough in our understanding of the
bauplan of vertebrate CNS came with the publication
of the prosomeric model by Puelles and Rubenstein
(Puelles and Rubenstein, 1993;Puelles, 1995; Puelles,
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Fig. 2. Chordate neurulation and vertebrate central nervous system development.
The vertebrate (A) and amphioxus (A’) neural plate (dorsal view) fold (A", A™) to form
the neural tube (A™) similarly, generating a hollow nerve tube that closes dorsally by the
roofplate (rp). (B) Schematic lateral views of bending of the vertebrate neural tube as a
result of differential growth, resulting in an arching of its internal axis (red dotted line). Some
neuromeres are indicated as the regionalization of the neural tube proceeds (grey dotted
lines). The forebrain is subdivided into secondary prosencephalon (SP) with peduncular
and terminal prosomeres (hp1 and hp2, respectively), which include the hypothalamic
region, telencephalon (T), and the optic vesicles, and Diencephalon (D), with prosomeres
1, 2, and 3 (p1-p3), which are represented by the pretectum (PT), thalamus (Th), and
prethalamus (PTh), respectively. More caudally, midbrain (MB), romboencephalon(Rh),
and spinal cord (SC) regions are identified (for simplicity, their respective neuromeric
components are not depicted). The position of the secondary organizers zona limitans
intrathalamica (ZLI) and the isthmic organizer (IsO) are represented by blue spikes.
Lateral view. Dark grey represents floorplate (fp) in all schemes; terminal hypothalamic
prosomere (Thy), peduncular hypothalamic prosomere (PHy). A/R, anterior/rostral; P/C,
posterior/caudal; D, dorsal; V, ventral. Adapted from Albuixech-Crespo et al., (2017).
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These primary axes are easy to identify in the early neural plate
(Fig. 2A). The anteroposterior (AP) axis overlaps the longitudinal
axis, whereas the mediolateral axis will correspond to the dorso-
ventral (DV) axis after neural tube closure, in which the neural
plate midline and border will become the neural tube floor and
roof, respectively. Interestingly, this layout results in an anatomical
singularity in the neural plate, since the presumptive basal (ventral)
plate, alar (dorsal) plate and roof run concentrically across the floor
in the anterior and posterior tips of the neural plate (Fig. 2A, B-B”).
As development progresses, the AP axis bends due to the differ-
ential growth of different territories of the neural tube (Fig. 2 B-B”).
Despite this bending, each neuromere is established according to
its position with respect to the AP axis (Fig. 2B). Moreover, the DV
axis maintains its orthogonal relationship with the AP axis. Thus,
the prosomeric model organically defines the basic developmental
units of a tissue whose morphology is highly variable and plastic,
assisting comparisons between neuroanatomies of equivalent
bauplans (Puelles and Rubenstein, 1993; Puelles, 1995; Puelles
and Rubenstein, 2015).

Moreover, an additional crucial aid for comparative neuroanatomy
is provided by gene expression patterns. During the development
of the CNS, different populations of neural progenitors are estab-
lished based on their molecular codes. The pool of transcriptionally
active genes is different for each particular group of cells, and the
dynamics of these specification processes eventually result into
positional identities in the neuroepithelium, what is known as neu-
ral patterning. This relationship between specific spatiotemporal
gene expression patterns and the positional identity of the neural
progenitors is the basis for the genoarchitecture. This concept has
been exploited by Evo-Devo approaches, facilitating comparisons
of developing vertebrate brains and allowing direct homology as-
signments (Ferran et al., 2007; Ferran et al., 2009; Medina et al.,
2011; Puelles and Ferran, 2012). Similar approaches have also
been undertaken to compare domains between more distantly
related species. In particular, similarity of relative gene expression
patterns along the AP axis have received much attention, reaching
the conclusion that a subset of genes have likely maintained their
relative AP positions since the last common ancestor of Bilateria
(Lowe et al., 2003; Castro et al., 2006; Hirth, 2010; Irimia et al.,
2010). However, as mentioned above, these inferences are often
obscured by unavoidable problems encountered when comparing
highly divergent CNSs.

Secondary anteroposterior organizers: major playersin
vertebrate brain development and evolution

The vertebrate CNS becomes regionalized along its AP axis very
earlyindevelopment. Atthe neural plate stage, expression patterns
of genes such as Otx2, Gbx2, Fezf, Irx or Pax6 start establishing
molecular subdivisions (Hidalgo-Sanchez et al., 2005; Rodriguez-
Seguel et al., 2009). As development proceeds, the neural tube
closes, bends, and the classical general AP subdivisions become
morphologically apparent: the prosencephalon (which will be further
subdivided into secondary prosencephalon and diencephalon),
the midbrain, the rhombencephalon and the spinal cord. All these
large AP domains will progressively regionalize and subdivide into
neuromeres. For example, the rhombencephalon will metamerize
into 11 rhombomeres (the neuromeres of the rhombencephalon),
and the diencephalon into 3 prosomeres, with distinctive alar

components: the prethalamus (p3), the thalamus (p2) and the
pretectum (pl), in a rostrocaudal order (Puelles and Rubenstein,
1993; Puelles, 1995) (Fig. 2).

Many of these subdivisions are orchestrated by the action of
the secondary organizers (blue dashes in Fig. 2B”). An organizer
is a cellular domain that releases particular regulatory morpho-
gens that act upon its neighboring tissues. Three main secondary
AP organizers have been described for vertebrates, the anterior
neural ridge (ANR), located in the most rostral part of the neural
tube; the zona limitans intrathalamica (ZLI), located between the
prethalamus and the thalamus, and the isthmic organizer (IsO),
which develops in the boundary between the midbrain and the
rhombencephalon. Each of these organizers releases a specific
combination of morphogens thatinfluences the development of the
surrounding structures. In particular, the ANR expresses Fgf8, which
is essential for the correct regionalization of the prosencephalon
and necessary for the correct formation of the telencephalon, a
dorsal outgrowth of the secondary prosencehalon (Kiecker and
Lumsden, 2012; Vieira et al., 2010). The reference morphogen in
the ZLI is Shh, which is crucial for the differential specification of
the thalamus (Crossley et al., 1996; Chi et al., 2003; Vieira et al.,
2005; Hirata, 2006; Vue et al., 2009). Regarding the IsO, Fgf8 acts
again as morphogen, but in this case together with Wnt1. This lat-
ter region can be identified from very early stages of development
by the apposition of the expression patterns of Otx2 and Gbx2,
which act antagonistically and are crucial to define the position
and function of the IsO (Hidalgo-Sanchez et al., 2005; Kiecker
and Lumsden, 2012).

Interestingly, the organizers and their associated genetic net-
works have been conserved since the origin of vertebrates (Osorio
et al., 2005). However, the extent of evolutionary conservation is
under debate when larger phylogenetic distances are considered,
namely between vertebrates and other chordates or other deutero-
stomes (e.g. hemichordates). Several articles in recent years have
discussed the presence/absence and homology/convergence of
secondary organizers and their potential functionality as bona fide
organizers (see Holland et al., 1997; Kozmik et al., 1999; Shimeld,
1999; Lowe et al., 2003; Takahashi and Holland, 2004; Lowe et
al., 2006; Denes et al., 2007; Hirth, 2010; Steinmetz et al., 2011;
Panietal., 2012; Arendt et al., 2015; Yao et al., 2016, for engaging
discussions and controversies). As expected, one of the clades at
the center ofthese controversiesis the cephalochordate amphioxus.

The amphioxus CNS: challenging major subdivisions
of the vertebrate brain

The amphioxus CNS is composed of a neural tube placed dor-
sally to the notochord (Fig. 1). Rostrally, the notochord continues
in appearance beyond the extension of the neural tube, although
the anterior-most tip of the notochord has been proposed to be a
homolog of the vertebrate prechordal plate (Albuixech-Crespo et
al., 2017). A subtle widening in the anterior part of the neural tube,
which corresponds to the cerebral vesicle, is barely noticeable in
the adult, although this swelling is much more obvious at larval
stages. Beyond this, there are neither anatomically recognizable
neuromeres nor other morphological landmarks in the amphioxus
neural tube to easily identify a segmental organization besides
the visible dorsal nerves arranged in series (Fig. 1). However,
examination at the histological and cellular level reveals visible



Amphioxus CNS genoarchitecture 659

histoarchitectonic differences in the AP and DV axes in larvae as These differential histoarchitectonic arrangements imply that
well as in adults, which reflect differences or subdivisions between  there must be a subjacent molecular regionalization of the amphi-
regions along the neural tube (Wicht and Lacalli, 2005) (Figs. 1~ oxus CNS. In fact, many genes involved in neural development
and 2; for detailed descriptions and cyto- and histo-architecture  in vertebrates are also expressed in cephalochordate neural de-
of the amphioxus nervous system, see Lacalli (this issue, and  velopment. Literature that describes, compares and establishes
references therein)). correspondences between expression patterns of genes involved
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most anterior somites. (B-B") Topological comparison of major molecular subdivisions between an ancestor with a bipartite brain (B), cephalochordates
(B’) and vertebrates (B”). Archencephalic prototagma (ARCH), deuteroencephalic prototagma (DEU). The amphioxus DiMEs seems to be homologous
to the thalamus (p2), pretectecum (p1) and midbrain (MB), whereas the diencephalon (DI) is neither an ontogenetic nor an evolutionary unit, as the
prethalamus (p3) is derived from a vertebrate-specific subdivision of the HyPTh. Gene expression domains of relevant genes (Otx, Gbx, Fezf and IrxB)
that mark the three main subdivisions of the chordate brain are indicated below. (C-C') Correspondence of the three main subdivisions (colour coded) of
the neural plate to the larval stages of amphioxus (C) and a representative neural tube of vertebrates (C’). Blue spikes indicate the secondary organizers
IsO (left) and ZLI (right) in C". Primary motor center (PMC), hindbrain (HB). Adapted from Albuixech-Crespo et al., (2017).
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in vertebrate and amphioxus neural regionalization is abundant.
Very recently, some of us with our collaborators (Albuixech-Crespo
etal., 2017) mapped the expression of 48 genes whose orthologs
invertebrates have awell-established morphological interpretation
within the prosomeric model. These mappings were done atasingle
developmental stage of amphioxus (7-somite neurula stage), allow-
ing homochronic comparisons of gene expression patterns. With
these data, the authors proposed a genoarchitectonic model for
amphioxus consistent with the prosomeric model (Fig. 3). As previ-
ously suggested (Castro et al., 2006), this model proposes that the
incipientamphioxus neural tube is molecularly divided into arostral
archencephalic (ARCH) domain and a caudal deuterencephalic
(DEU) domain from very early stages, similarly to vertebrates. This
division is highlighted by the abutting expression domains of Otx
and Gbx. Furthermore, the amphioxus ARCH has two major sub-
divisions, which we termed Hypothalamo-Prethalamic primordium
(HyPTh; further subdivided into Rostral-HyPTh, Interm-HyPTh and
Caudal-HyPTh) and Di-Mesencephalic primordium (DiMes) (Fig.
3B), whose boundary is defined by the abutting expression of Fez
on the most caudal HyPTh domain (Caudal-HyPTh) with that or the
Irx genes in the DiMes. In contrast, and as mentioned above, the
vertebrate ARCH is traditionally divided into three main regions,
the secondary prosencehalon (hypothalamus plus telencephalon),
the diencephalon (pretectum, thalamus and prethalamus) and
the midbrain. Remarkably, considering its topological position
relative to several markers as Fez and Irx, the Caudal-HyPTh
may be homologous to the vertebrate prethalamus. In addition,
the small amphioxus DiMes, consisting of two rows of cells along
the AP axis at the mid-neurula stage, seems to be homologous to
the thalamus, pretectum and midbrain all together. Therefore, the
last two observations, together with multiple lines of experimental
embryological evidence (Gardner and Barald, 1991; Martinez et
al., 1991; Bally-Cuif et al., 1992; Bloch-Gallego et al., 1996; Vieira
et al., 2005; Vue et al., 2009; Hirata, 2006), profoundly challenge
textbook subdivisions of the vertebrate brain: (i) the diencephalon
loses its coherence as a single entity, since it has neither evolution-
ary nor developmental support, and (ii) the vertebrate thalamus,

pretectum and midbrain should be considered an evolutionary
elaboration of an ancestral, perhaps amphioxus-like, DiMes region.

The hypothesis that the diencephalon is neither an evolutionary
nor an ontogenetic primordial subdivision of the vertebrate brain
was further supported by knock-out and knock-down experiments
in mouse and zebrafish (Albuixech-Crespo etal., 2017). Patterning
of the DiMes-like territory in vertebrates occurs under the control
of the secondary organizers ZLI and 1sO, which, despite ongoing
debate, seem to be absent in amphioxus (Shimeld, 1999; Pani et
al., 2012). Interfering with the vertebrate ZLI turns the thalamic
region into a pretectum-like territory, ablating the IsO abolishes
the midbrain and expands the pretectum territory, and a quadruple
morpholino in zebrafish that alters both ZLI and IsO transforms
those three DiMes regions of vertebrates (thalamus, pretectum
and midbrain) into a more molecularly homogeneous structure
that resembles the amphioxus DiMes region (Fig. 4). Therefore,
these results suggest a close relationship between the gain or loss
of secondary organizers during evolution and the origin or loss of
specific partitions in the brain among the major chordate groups.

Amphioxus genoarchitectonic model provides novel
insights into the ontogeny of adult structures and their
homology with vertebrates

Our genoarchitectonic model of the developing amphioxus
neural tube also sheds light into the ontogenetic origins of several
larval and adult brain structures, and their possible evolutionary
relationships with vertebrate derivatives. Ontogenetic assignments
between adult, larval and embryonic structures and domains
have many limitations in amphioxus. First, the lack of cell trac-
ing data on the formation of neural derivatives hampers direct
extrapolations of adult neural populations from early stages of
development. Second, there is no information about the possible
migration processes that the progenitor populations of the terminal
derivatives of the adult neural tube experience. Third, there are
no robust continuous reference landmarks. Two main references
have been used in the literature to infer correspondences among

Fig. 4. Experimental disruption of

vertebrate secondary organizers
recapitulates the amphioxus brain.
(A) Schematic representation of major
neural compartments (PTh, Th, PT, MB,
and Rh) around DiMes, delimited by

the secondary organizers (ZLland IsO:
redlines)in wild type (WT) vertebrates;

solid gray indicates Pax6 expression.
(B) Abrogation of the ZLI turns the
thalamic region into a pretectum-like
territory (PT*). (C) Genetic depletion

of the IsO abolishes the midbrain
and expands the pretectum territory

PT MB™ Rh
= \SO
B C 2l
PTh PThY Th PT* Rh
D pTh'Th  PT MB°Rh
| | /// |
WT ! ! :// !
-ZLI
-ISO
E PTh PT* Rh

(PT*). (D) Wild type and(E) quadruple
morpholino of otxla, otx2, eng2a,
andeng2b in zebrafish eliminates ZLI
and IsO, and thus the whole DiMes

4MO

loses its subdivisions and mimics the
uniform amphioxus DiMes. Adapted
from Albuixech-Crespo et al., (2017).




neural structures. One is the position of these structures respect
to the myomeres or somites in adults or embryos, respectively.
Unfortunately, however, it has not yet been proven whether the
position and the size of myomeres are fixed or permanent in rela-
tion to the neural tube, hampering ontogenetic assignments. The
other one is innervation, which presents concordances with the
myomeric asymmetry endorsed by the myoseptal position of the
neural roots in the neural tube of the adult amphioxus. However,
these are difficult to extrapolate to early embryos.

Given these caveats, extrapolations on the correspondence
of the neural derivatives in the adult amphioxus with respect the
progenitor territories in the neural plate stage during development
must come from meticulous correlations thatinclude information for
both its topological position and the combination of gene expres-
sion patterns during neural ontogeny, always keeping in mind that
gene expression patterns could be very dynamic and that they do
not provide deep lineage information if considered independently.
Keeping these limitations in mind, we revise here previous literature
and propose some ontogenetic correspondences for important
terminal derivatives of the anterior CNS of amphioxus, and discuss
their implications to assign vertebrate homologies

Frontal eye and visual system

One of the most visible structures of the amphioxus neural tube
is the frontal eye, which can be observed from early larval stages.
The topological position of the frontal eye suggests that it arises
from the most anterior part of the neural plate (Lacalli, 1996), the
acroterminal domain (Fig. 3), as itoccurs in vertebrates (McMahon
and Bradley, 1990; Puelles et al., 2012; Puelles and Rubenstein,
2015; Albuixech-Crespo et al., 2017). The genoarchitecture of this
areainthe neural plate suggestsits involvementinthe development
ofthis photoreceptive structure. Several genes expressed very early
in amphioxus development are involved in eye structures in awide
number of bilaterians, such as Rx, Six3/6 and Lhx2/9 (Zuber et al.,
2003; Kamijyo et al., 2015; Albuixech-Crespo et al., 2017), even
though the development of the amphioxus frontal eye becomes
apparent only later in development by the emergence of the cells
with dendrites and cilia that protrude from the neuropore and by the
presence of the pigment cup. Remarkably, at larval stages, when
the frontal eye is evident, the resulting cellular types that form it
maintain a characteristic genoarchitecture. Both in vertebrates and
cephalochordates Giand c-Opsin are expressed in photoreceptors,
whereas Mitf and Pax2/5/8 appear in pigment cells (Vopalensky et
al., 2012). In vertebrates, two eye regions develop as a result of
the splitting of the morphogenetic eye field by the action of signals
coming from the prechordal mesoderm (Zuber et al., 2003), while
in amphioxus it stays as a single medial structure.

The amphioxus frontal eye innervates the neuropile through
serotonergic neurons (Vopalensky et al., 2012). This neuropile
developsimmediately caudalto the infundibular organ, which marks
the transition between the anterior vesicle and the posterior region
ofthe cerebral vesicle. It projects to the primary motor center (PMC),
located more caudally, in the region immediately posterior to the
limit between the 1% and the 2" myomeres (Fig. 3C). Part of this
region expresses Pax4/6 in larval stages (Suzuki et al., 2014) and,
topologically, it seems to correspond to the Pax4/6-positive DiMes
region described in our genoarchitectonic model (Albuixech-Crespo
et al., 2017). Interestingly, the frontal eye of amphioxus as well
as the paired eyes of the lamprey larva project to a photoreceptor
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visual center that is Otx- and Pax4/6-positive, located in the most
posterior region of the cerebral vesicle in amphioxus larvae, and in
the caudal prosencephalon in lampreys (Suzuki et al., 2014) (Fig.
2A). In the latter study, Suzuki and colleagues suggested that the
mesencephalic optic projections (which are retino-tectal, Pax6-
negative and Otx2-positive) are secondarily developed, specific
to vertebrates, and implicated in vision image formation. In con-
sequence, the retino-pretectal primary projections, which appear
in earlier stages of lamprey larvae, would be more similar to the
ancestral state in vertebrates projecting to a visual Pax6-positive
center, asitoccursin amphioxus. Lacalli (1996) identified the visual
center of amphioxus tracking the projections from the frontal eye
through electronic microscopy, and named it tectum, as a refer-
ence of homology to the midbrain in vertebrates. However, other
authors concluded that cephalochordates lack a proper homolog to
the tectal region, based on the absence of expression of Dmbx in
the amphioxus neural tube (Takahashi and Holland, 2004), which
is expressed in the midbrain of vertebrates. Our genoarchitectonic
model of the neural plate of amphioxus described above sheds light
into the evolutionary common origin for the midbrain, thalamus and
pretectum of vertebrates from a DiMes-like territory that was likely
ancestrally involved in visual processing. Based on these data, it
is tempting to speculate that a DiMes/pretectum-like function was
ancestral, and that the origin of the midbrain as an independent
unit could have been linked to the origin of the vision with image
formation present in vertebrates, but not in amphioxus.

Balance organ and circadian clock

The topology and morphology of cells associated with the
circadian clock and the balance organ in the adult amphioxus,
which are embedded in the ventral commissure and associated to
the lamellar body (a photoreceptor organ) (Figs. 1D and 3C), as
well as immunoreactive to GABA, led some authors to propose its
homology to the mammalian suprachiasmatic nucleus (Anadon et
al.,1998; Castro and Becerra, 2015). The suprachiasmatic nucleus
in vertebrates is a derivative of the alar part of the most rostral
hypothalamic territory (Puelles and Rubenstein, 2015), which is
Nkx2.2-positive. Also, in vertebrates, Lhx1 (also known as Lim1)
is involved in the establishment and maintenance of this circadian
rhythm in the suprachiasmatic nucleus (Hatori et al., 2014). In am-
phioxus, the genoarchitecture of the most rostral part of the neural
plate is coincident, being Nkx2.2- and Lhx1/5-positive, further sup-
porting the similarity between the two structures. However, the fact
that vertebrate suprachiasmatic nucleus arises from the alar part of
the hypothalamus and the amphioxus balance organ is ventral in
origin casts doubts on the homology between the two derivatives.

Infundibular organ

As mentioned above, the infundibular organ is located in the
most anterior part of the floor plate of the neural tube (Fig. 3C)
and secretes Reissner’s fiber to the central canal of the neural
tube (Olsson et al., 1994; Lopez-Avalos et al., 1997). Its functions
have not been characterized in amphioxus, although it seems to
be involved in axon guidance and establishment of commissures
(Lehmann and Naumann, 2005). Both the amphioxus infundibular
organ and the vertebrate subcommissural and flexural organs
(which produce Reissner’s fiber in vertebrates) are formed near
developing commissures (Lopez-Avalos et al., 1997). The sub-
commissural organ develops in the pretectum (pl) and is the



662 B. Albuixech-Crespo

primary and permanent producer of Reissner’s fiberin vertebrates.
Based on these observations, some authors have proposed its
correspondence with the amphioxus infundibular organ (Olsson,
1955; Lichtenfeld et al., 1999). In contrast, the flexural organ is
located in the most rostral floor plate of vertebrates. Therefore,
given the topological position of the amphioxus infundibular organ,
a probable derivative of the HyPTh, it seems more likely that, if
any, the vertebrate flexural organ is a homolog of the amphioxus
infundibular organ, even though the secreting action of the flexural
organ is transitory (Lichtenfeld et al., 1999). However, it is also
possible these chordate organs carry on analogous functions but
are not homologous structures.

Lamellar body

The lamellar body (Fig. 3C) has often been proposed as a
homolog of the pineal gland of vertebrates (Lacalli, 1996). Both
develop from a Pax4/6-positive territory and are (atleastancestrally)
photoreceptive structures. However, the amphioxus lamellar body
seems to develop from the DiMes area, which does not include
in its genoarchitecture the marker Rx, essential for the develop-
ment of the pineal gland in vertebrates (Ruiz and Anadén, 1991;
Vopalensky et al., 2012; Rath et al., 2013). Moreover, the lamellar
body is not immunoreactive to melatonin and does not produce
the enzymes necessary for its synthesis (Vernadakis et al., 1998;
Falcén et al., 2014). In addition, all the genes related to circadian
rhythms in amphioxus are expressed in the balance organ and not
in the lamellar body (Schomerus et al., 2008). Therefore, despite
its similar topology, the proposed homology between the lamellar
body and the pineal gland of vertebrates is not fully conclusive.

Concluding remarks

Although morphologically much simpler than vertebrates, a
detailed genoarchitecture analysis of the amphioxus CNS has
revealed a high level of complexity. Furthermore, it has shown
many similarities to vertebrates, providing support to a common
bauplan being already present in the last common ancestor
of chordates. Many major AP and DV subdivisions have direct
counterparts between amphioxus and vertebrates, even though
they are often further subdivided in vertebrates. An example of
this is the DiMes homologous region, which does not seem to
be molecularly regionalized in the developing amphioxus neural
tube, but is subdivided into thalamus, pretectum and midbrain
in vertebrates. These comparative analyses also help to reveal
cryptic ontogenetic correspondences and homologies between
cephalochordate and vertebrate CNS terminal derivatives, thus
shedding light into the origin and evolution of the complex verte-
brate CNS and the specialized features of the amphioxus CNS.
One surprising conclusion of these analyses is that the originally
simple and uniform DiMes of amphioxus seems to give rise to a
relatively large number of functional adult and larval structures (Fig.
3C), indicating a hidden and unexplored complexity-generation
potential for this region during late amphioxus CNS development.
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